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Abstract 
Advanced Magnetic Thin-Film Heads 
Under Read-While-Write Operation 
Frank Zhigang Wang 
A Read-While-Write (RWW) operation for tape and/or potentially disk applications is 
needed in the following three cases: 1. High reliability; 2. Data servo systems; 3. Buried 
servo systems. All these applications mean that the read (servo) head and write head are 
operative simultaneously. Consequently, RWW operation will require work to suppress 
the so-called crossfeed field radiation from the write head. 
Traditionally, write-read crossfeed has been reduced in conventional magnetic recording 
heads by a variety of screening methods, but the effectness of these methods is very lim-
ited. On the other hand, the early theoretical investigations of the crossfeed problem con-
centrating on the flux line pattern in front of a head structure based on a simplified model, 
may not be comprehensive. Today a growing number of magnetic recording equipment 
manufacturers employ thin-film technology to fabricate heads and thereby the size of the 
modern head is much smaller than in the past. The increasing use of thin-film metal-
lic magnetic materials for heads, along with the appearance of other new technologies, 
such as the MR reproductive mode and keepered media, has stimulated the need for an 
increased understanding of the crossfeed problem by advanced analysis methods and a 
satisfactory practical solution to achieve the RWW operation. 
The work described in this thesis to suppress the crossfeed field involves both a novel re-
productive mode of a Dual Magnetoresistive (DMR) head, which was originally designed 
to gain a large reproduce sensitivity at high linear recording densities exceeding I 00 kFCI, 
playing the key role in suppressing the crossfeed (the corresponding signal-noise ratio is 
over 38 dB), and several other compensation schemes, giving further suppression. Ad-
vanced analytical and numerical methods of estimating crossfeed in single and multi track 
thin-film/MR heads under both DC and AC excitations can often help a head designer un-
derstand how the crossfeed field spreads and therefore how to suppress the crossfeed field 
from the standpoint of an overall head configuration. This work also assesses the scale of 
the crossfeed problem by making measurements on current and improved heads, thereby 
adapting the main contributors to crossfeed. The relevance of this work to the computer 
industry is clear for achieving simultaneous operation of the r~ad -~ead and write head, es-
pecially in a thin-film head assembly. This is because computer data rates must increase to 
meet the demands of storing more and more information in less time as computer graphics 
packages become more sophisticated. 
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Chapter 1 
Introduction 
1.1 Generalization 
Magnetic recording systems are now becoming very important for the storage of 
digital information used in modern computer and communication systems. The in-
creasing demands of the information super highways mean that large quantities of 
information must be stored after being transmitted in the super highways, prior 
to processing inside computers. The needs of personal computers themselves are 
increasingly significant as new, more user-friendly, suites of software are developed, 
orten containing information-intensive graphics packages[!). 
The basic structure or a magnetic recording head for writing is a magnetic circuit 
with a small gap in it and a coil wound around the magnetic core. Electric current 
in the core magnetises the material of the core causing a fringing field near the 
gap which magnetises the magnetic coating on the disk or tape drive being scanned 
across the head, as shown in Figure 1.1. In the read process, also shown in Figure 
1.1, the magnetic field emanating from transitions is picked up by the magnetore-
sistive (MR) read element[2]. MR read heads produce very high signal per unit 
trackwidth and can provide media noise-limited system performance at very high 
area! storage density. 
A practical thin-film head is shown in Figure 1.2. This is a typical thin-film head 
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1.1 
Figure 1.1: The write and read heads for longitud inal recording (a) and Type 1 and 2 
perpendicular recording, (b) and (c), respectively. Type 1 perpendicular recording 
requires a special write head and a soft magnetic layer under the perpendicular 
recording medium. Type 2 requires only a perpendicular medium and a special 
equalizer to process asymmetric bi-polarity readback waveform across a transition 
in an otherwise conventional system. 
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Read gap 
Read gap length 
Write gap length 
MR sensor 
Read track width 
W rite track width 
Figure 1.2: A typical design for a practical thin-film Inductive/Magneto-Resistive 
(MR ) head , based on a shared-pole sensor-in-gap structure. In the read process, 
the magnetic field emanating from transitions is picked up by the magnetoresistive 
(MR) read element , inserted between shields. 
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and the fabrication technique has been borrowed from the semiconductor industry 
for fabrication of integrated circuits. There are many advantages to this approach, 
with perhaps the most important being the ability to produce extremely narrow 
pole t ips and recording gap widths in the thin-film process. These narrow pole tips, 
in turn , permit the density of magnetic recording to be increased. As the linear 
recording density of magnetic d isk storage systems increases, recording heads which 
can produce strong fields with steep field gradients are necessary in order to record 
t he data patterns with sufficient overwrite characteristics on high coercivity media. 
As shown in Figure 1.2, different layers are deposited onto an insulating substrate 
(silicon) . The copper has been shaped into a multi-turn conductor and magnetic 
top and bottom cores are jointed at the center of this conductor and t here is no back 
gap. The front gap for an inductive head is cont rolled by a thin insulating layer. A 
Magneto-Resistive (MR) reproducing element is inserted between two shields. 
In the hierarchy of computer peripherals, t he magnetic tape drive is a commer-
cially important contribut ion to the world industry. It is a lso undergoing rapid 
development to keep pace with hard disk drives. The progress of this technology in 
the future needs very sophisticated recording heads, tape media and electronic data 
channels. T he work described in this thesis is mainly to help overcome a potentially 
serious problem (write-read crossfeed) in Read-While-Write operation. 
1.2 Concept of Read-While-Write (RWW) Oper-
ation 
In some applications, the read head and write head need to be in operation simul-
taneously. This is named " Read-While-Wri te (RWW)" operation. This means, as 
shown in Figure 1.3, that the read head may receive not only a signal flux from 
the medium but also an unwanted flux component from the write head . T he flux 
component picked up by the read head from the write head is normally of signif-
4 
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Figure 1.3: Concept of Read-While-Write (RWW) operation. In the RWW oper-
ation, the read head (here is a SAL [Soft Adjacent Layer] biased MR head) may 
receive not only a signal flux from the medium but also a flux component from the 
write head. 
icant magnitude compared with the signal flux, especially when a high coercivity 
medium is used , and is given the name of " crossfeed field" . In principle, four different 
sources of crossfeed field can easily be distinguished, as shown in Figure 1.4, namely: 
(a) Capacitive coupling from the writing to the reading bump; 
(b) Inductive coupling from the writing to the reading winding; 
(c) Magnetic flux leaking around the screen , which separates writing and reading 
bumps; 
(d) Magnetic flux penetrating through the screen. 
Also, in multitrack thin-film/MR heads, there may be several write heads oper-
ating at the same time, all contribut ing a different ampli tude and phase of different 
signals at any one t ime to any part icular reading head in the array. 
It is proposed in this research project to study the main contributing factors to 
crossfeed in single and multitrack heads and then explore and adapt some methods 
5 
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(b) Inductive coupling 
Recording head 
(d) Flux through screen 
Figure 1.4: Schematic illustration of four different sources of crossfeed field. They 
are: (a) Capacitive coupling from the writ ing to the reading bump; (b) Inductive 
coupling from the writing to the reading winding; (c) Magnetic flux leaking around 
the screens; (d) Magnetic fl ux penetrating through the screens. Here the reproducing 
head is an example of an inductive head. If an MR reproducing head is used , it is 
equivalent to a one-turn coil with respect to the crossfeed field source (b). 
6 
INTRODUCTION 1.3 
to reduce crossfeed field for use in t hin-film/MR heads. Analytical and numerical 
methods of estimating crossfeed in single and mult itrack thin-film/M-R heads un-
der both DC and AC excitations can often help a head designer underst and how 
the crossfeed field spreads and therefore how to suppress the crossfeed field from a 
standpoint of an overall head configuration. 
In the following three sections, we will demonstrate three possible applications 
of RWW operation. They are high reliability, data servo systems and buried servo 
systems, respectively. 
1.3 Application I: High Reliability 
Magnetic tape units are vital components in data measurement and computer 
systems[l ]. T heir demise has been predicted numerous times, and each t ime they 
have survived - lately in the form of numerous back-up drives. Using advanced tapes 
allows higher t rack densities to be achieved with the current recording channel and 
detection system in the DigaMax™ recorder[3]. Track widths smaller than 10 J.Lm 
become possible. T he first generat ion already allows 13 GBytes per 1000 feet of tape 
using 37.5 J.Lm t racks. At 10 J.Lm track widths it would be possible to store around 
50 GBytes. \i\Then this is combined with the high data rate of 2 MBytes/s we see 
t hat, even 100 years on from Valadimir Poulsen's first demonstration of magnetic 
recording, interesting developments can still be made. 
Tape drives employ cassettes, cartridges or reels with tapes of different widths 
and lengths. The tape transport must satisfy several requirements. Very fast starts 
and stops are necessary and movement of the tape must be in a perfectly straight 
path. This requirement is particularly crit ical in parallel t rack applications with 
high bit densit ies; here the bits from the tracks need to be read simultaneously. 
Such high accelerations were not possible in early digital tape drives. It was com-
mon to bring the tape into motion by pressing it against a rotating shaft called a 
7 
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Figure 1.5: Schematic illustration of the crossfeed problem in RWW heads for the 
purpose of high reliability. 
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capstan by means of a puck. This system was improved by introducing a perforated 
capstan wherein a vacuum would attract the tape and move it with the capstan. 
To stop the tape, air pressure would force the tape against a fixed surface near the 
capstan. 
It is necessary in some tape drives to write information on tape and verify it 
by reading with a read head a short time later, as illustrated in Figure 1.5. For 
example, defects in the tape material and in the contact between the head and tape 
may give rise to errors in the recorded information. In order to detect such "drop-
outs" a reproducing head placed closely behind the recording head in each track is 
employed to check-read the information stored on the tape. For information being 
recorded and verified continuously, this means that the read head and write head are 
in operation simultaneously. The magnitude of the flux sensed by the read head on 
the tape is of the order of pica-webers (i.e. very small). In contrast, the writing flux 
can be very large, especially if a high-coercivity medium is being used. This means 
that the read head may receive a flux component from the write head which is of 
significant magnitude compared with the signal flux it is detecting from the tape 
and this is especially true if the write head and read head are close together-an 
essential design-aim if the "dead" tape at the end of a recorded block of information 
(the inter-block gap) is to be minimized. 
In intermittent operation of the tape-unit, the tape stops when the end of the 
record passes the reproducing gaps. Unless the tape is spooled backwards before the 
next recording takes place, an inter-record gap arises in this way, the length of which 
is determined by the distance between the recording and reproducing-transducer gap 
and by the starting and stopping time of the tape transport mechanism. 
For efficient use of the available storage space a short distance between the head 
gaps is thus required. An additional benefit from tight write-to-read gap spacing is 
fewer off-track errors due to the skew of the tape (Figure 1.6) and azimuth align-
ment of the head as it passes over the head. Bytes are written in parallel in several 
9 
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Figure 1.6: Tape skew. 
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Figure 1.7: The azimuth alignment of the head in hard disk drive. 
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tracks and t hey should be read back simultaneously. This situation difficulty ex-
ists in practice because of tolerances in the manufacture of multitrack heads and 
in the slitting of tapes. The curvature may, among other factors, cause the tape 
to "weave" through the drive and it could depart from the ideal, straight path. In 
modern thin-film/MR heads the write and read gaps can be very close together ( eg. 
10 J-Lm) and in some cases head parts can be shared, as shown in Figure 1.2, so 
write-read crossfeed can be unacceptable when both head functions are used a t the 
same time. 
As stated earlier , the RWW operation can potentially be applied to disk drives 
as well. A similar requirement of a short distance between the head gaps is also 
needed due to the azimuth alignment of the head (Figure 1.7) in hard disk drives 
with rotary VCMs (Voice Coil Motor). 
1.4 Application 11: Data Servo Systems 
T he computer industry is developing rapidly towards more and more powerful sys-
tems requiring the storage of large amounts of data onto hard disk. The dramatic 
increase in area! density in magnetic recording has been made possible through nu-
merous developments, including the reduction in flying heights and decreased head 
dimensions. Taken to an extreme, one can imagine a " head", which has nanometer-
scale dimensions, moving in contact or near-contact over the surface of a disk. Corre-
spondingly, better servoing will be required to ensure acceptable error performance. 
In t raditional sector servo systems, as sbo ... vn in Figure 1.8, the servo signal is inter-
mittent because data sectors and servo sectors are distributed alternately over t he 
hard disk surface, thereby yielding a possible misregistration from the track when 
the head is passing through data sectors (inertia-dependent track following) . A new 
track following method has been proposed, by which the head's position error signal 
(PES) can be directly and continuously extracted from data sequences[4] . 
11 
INTRODUCTION 
ServoSe~ 
( Disk C _) 
~ ____/ 
Data Sector 
1.4 
PES 
Figure 1.8: A traditional sector servo system. Here the servo signal is intermittent 
because data sectors and servo sectors are distributed alternately over the hard disk 
surface, thereby yielding a possible misregistration from the t rack when the head is 
passing through data sectors. 
To satisfy the needs of nanoscale positioning, in this section , we will describe the 
design and development of a new concept of servoing with dual-strip MR (DSMR) 
heads which uses the asymmetric microtrack profile of the MR element to est imate 
the data and provide servo information[5). In 4-terminal DSMR[6), the magneti-
zations of the individual stripes are biased by the sense current passing through 
the opposite stripe, as shown in Figure 1.9. This means that the magnetizations 
scissor from their nominal parallel positions, one is at 45°, the other is at -45°. 
T he nominal parallel magnetization configurat ion without sense current flowing is 
caused by permanent magnet fi lms placed in the off-track wing regions (not shown 
in the figure) to control the magnetization orientation, thus avoiding multidomain 
formation within the soft films[7)[8). In Figure 1.9, the two MR stripes are exposed 
to the same stray field from a medium transition and thus the DSMR head produces 
a maximum output(one MR stripe has a resistance increase, and the other has a 
resistance decrease, but in the DSMR one looks at the differential signal). 
12 
INTRODUCTION 
DSMR 
\ 
>' I 
I 
I sense 
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Figure 1.9: Track and head configuration for misregistration Zn. When exposed 
to the same stray field from a medium transition, one MR stripe has a resistance 
increase, and the other has a resistance decrease. T he difference of these two stripes' 
signals is taken as DSMR's effective output whereas the sum of these two stripes' 
signals is taken as a PES (Position Error Signal) for servo purposes. 
MR MR 
Medium 
Figure 1.10: Illustration of fields in the (y,z) MR element plane from a recorded 
longitudinal medium. The biased MR element is shown in two positions to illustrate 
off-track asymmetry. 
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Due to the intrinsic asymmetry of the 45° bias in the single domain MR film, 
MR heads generally have asymmetric off-track responses[9] . In other words, the 
output voltage in a single MR film cannot reach its maximum value even when the 
t ransverse displacement of the head from the recorded track is zero . The reason 
for this asymmetric behavior is illustrated in Figure 1.10. A sketch of the magnetic 
field from the magnetized medium in the (y,z) plane of the element is shown. Also 
shown is the MR element, biased nominally at 45° to the -z direction, in off-t rack 
positions on either side of the finite track width recording. For the element on the 
right (corresponding to transverse misregistration Z R < 0) the signal field is gen-
erally orthogonal to the MR bias magnetization. In this case the torque on the 
magnetization is large, and large rotations occur giving large resistance changes. 
For the element shown on the left ( Z R > 0) , the signal field is generally parallel 
to t he MR magnetization , yielding small rotations and correspondingly small re-
sistance changes. In a word , the response is asymmetric with respect to off-track 
displacement. Not only does the maximum response not occur for zero displacement 
( Z n = 0) , but the response decreases at different rates depending on the direction 
of displacement. 
We plotted the normalized response voltages versus Z n , in Figure 1.11 . In the 
figure, >. = 0.5 J-lm is the characteristic length of flux decay, W = 7.5 J-lm is t he 
total width of t he MR stripe including the off-track wing regions, W H = 1.5 J-lm, 
W R = 2 J-lm. The stripe depth D is optimized to 0.8 {tm because the slope of the 
PES around the zero-crossing point becomes sharp with the stripe's depth decreas-
ing. It is obvious that the individual stripe's response is asymmetric and the peak 
shifts right or left, respectively. Within a range of 30% of the t rack width (about 
± 0.3 J-lm) around the track centric line, PES is proportional to t he misregist ration 
Zn and when Zn = 0 the head is aligned with the recorded track. A reasonable 
servoing ability t hrough DSMR has been confi rmed. 
So far , studies have mainly focused on how to reduce this asymmetry of the 
microt rack profile, which is present for each individual MR sensor[8][10][11]. An ex-
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Figure 1.11: Normalized voltages ampli tude versus the transverse misregistration 
Z R of the head from the recorded track. Due to the intrinsic asymmetry of the 45° 
bias, the individual stripe's response is asymmetric and the peak shifts right (for 
MR1) or left (for MR2), respectively. But the DSMR signal retrieved from MRl 
and MR2 is symmetry. When -0.3 ttm ~ ZR ~ + 0.3 Jlm, a good linearity with 
PES can be seen. 
ample is the DSMR configuration that eliminates off-track asymmetry by different ial 
detection and yields symmetric off-track responses[12]. Other methods to reduce the 
off-track asymmetry include biasing the magnetizations into anti-symmetric states 
for the two MR fi lms and using a soft underlayer beneath the medium to alter flux 
propagation paths[13] . Conversely, we actively make use of t he asymmetry phe-
nomenon to estimate the off-track perturbation. This estimation will be executed 
continuously even when the head is passing through data sectors, while in conven-
tional sector servo systems the servo signal is intermittent because da ta sectors and 
servo sectors are distributed alternately over t he hard disk surface. We claim this 
new concept meets t he challenge of high density magnetic recording, in which better 
servoing[5] is required to ensure acceptable error performance. For such a contin-
uous data servo system, this means that the servo (read) head and write head are 
operative simultaneously, i.e. the concept of RWW operation applies here. 
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Figure 1.12: Schematic diagram of the buried servo. A buried servo method can 
obtain a positioning signal continuously, in which servo and data share a medium 
layer by using the thin upper layer for data only and deeper layer for servo only. 
Both the data and the servo signals are reproduced by an ident ical MR sensor. 
1.5 Application Ill: Buried Servo Systems 
As mentioned in the previous section, continuous servo meets the challenge of 
high density magnetic recording, in which better servoing is required to ensure ac-
ceptable error performance. A buried servo method[3] offers another possibili ty of 
cont inuous servo. Its schematic is shown in Figure 1.12, in which servo and data 
share a medium layer by using the t hin upper layer for data only and deeper layer 
for servo only. T he t hin upper layer contains exclusively data bits and is magnetized 
densely. The deeper layer is exclusively for servo bits magnetized at relatively low 
linear density. Both the data and the servo signals are reproduced by the same MR 
sensor. During the reading and writing of data, an actuator keeps the head on t he 
t rack center using prerecorded buried servo information. These buried servo t racks 
are written deep into the magnetic coating in one pass with a dedicated thin-fi lm 
servo writer. Writing the servo information below the data tracks leaves the full 
tape area available for the recording of data. The major advantages of this servo 
method arc that the servo signal is cont inuous, its quality has low sensitivity to 
medium defects and is no longer limited by the data trackwidth. 
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Figure 1.13: Schematic Tape Bearing Surface (TBS) view of a servo write head. 
The buried servo information consists of AC bias recorded servo t racks. The 
servo wavelength is much longer than maximum data bit length, which enables 
sensing of the servo t racks by the data read head during writing and reading of 
data. Servo and data signals are separated in the read-channels by low-pass and 
high-pass filtering. 
A schematic description of the servo writer is shown in Figure 1.13. It consists of 
structured upper and lower soft magnetic flux guides on both sides of a continuous 
shared flux guide. By this design, the write poles cover 100 % of the tape width. 
The optimal gap length for deep-recording is a few microns. The upper and lower 
writers each have their own single turn common write coil by which servo t racks 
with a signal phase difference of 180 degrees between adjacent t racks are written. 
The data head is 'on track' if the signals of two neighbouring servo tracks cancel 
each other, resulting in zero output of the sensing read channel at the servo signal 
frequency. In the buried servo system three channels detect a 0-180 degree servo 
track intersection, t hree channels detect a 180-0 degree intersection, and two chan-
nels detect a wide reference servo track to obtain the phase and frequency of the 
servo signal. The track position indicated by the error signal generated from these 
eight signals is insensit ive to small variations in the width or signal amplitude of 
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the servo tracks[3]. The servo track signals should be large enough, even after many 
overwrites by the write head. This is ensured by the fact that the servo tracks are 
recorded deep into the tape, whereas the data tracks are written in a thin upper 
layer of the tape. 
For such a continuous buried servo system, this also means that the servo (read) 
bead and write head are operative simultaneously. 
1.6 Early Work 
Traditionally, write-read crossfeed has been reduced in conventional heads by a va-
riety of screening methods to achieve Read-While-\Vrite(RWW) operation. 
Pioneering work on compensating techniques of crossfeed field was done by G.I. 
Walther, Philips Research Laboratories, Eindhoven, the Netherland , in 1964[14]. He 
studied the influence of various screening configurations and screening materials on 
t he crossfeed from writing to reading transducers. As a result , a crossfeed track 
attenuation of 17.3 dB , which was satisfactory in the early digital recording sys-
tems, where the dimension of the heads was of centimetre order, was obtained by 
relatively simple means. 
Walther's experimental apparatus is indicated in Figure 1.14. A recording and 
reproducing head were positioned on the same track, leaving sufficient space for 
screen to be placed between the cores. The electric circuits associated with the 
windings on both heads were damped. The writing transducer was energized by a 
square wave current of sufficient strength to saturate the tape. The high frequency 
components present in the writing current were dependent on the rise time, which 
in t his case was of the order of 0.1 J-LSec. The repetition frequency was adjusted to 
a value where, at a step-change of the current , the contribution of the preceding 
step to the voltage induced in the reading coil was negligibly small. Alternatively, 
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Recording head Screen Reproducing head 
Figure 1.14: Walther 's experimental situation in 1964. 
crossfeed measurements was carried out with sinusoidal currents. In the experiments 
copper was used as a conductive screen material, whereas mu-metal and ferrite were 
employed in the magnetic layers of the screens. 
\tValther's various experimental screening configurations are shown in Figure 1.15. 
Without any screening measures, the crossfeed was +35 dB above the normal read-
ing level at a tape speed of 150 inch/sec. The effect of the magnetic flux diffusing 
through the screens was determined by placing a full screen between the transducer 
heads (Figure 1.15(a)) . The assumption that the leakage flux was the most serious 
part of the crossfeed was justified by this impractical arrangement. This conclusion 
was emphasized by the increase of the crossfeed voltage when the full screen was 
reduced to a half-plane ending at the surface of contact between the head and the 
tape, as shown in Figure 1.15(b). A conducting screen of 1 mm total thickness was 
shown to have this source of crossfeed of +23dB above the normal reading level and 
when a combination of electric and magnetic screens was employed, the crossfeed 
was reduced to + 7.4 dB. In many applications the internal screens could be com-
pleted by screens a t the back of the tape, as shown in Figure 1.15(c) , giving further 
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(b) Half-plane screen; 
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(c) Half-plane + back screen. 
Figure 1.15: Different screening configurations by Walther. 
reduction of the crossfeed . A useful improvement was also obtained by interconnect-
ing the conducting screens on both sides of the tape, thereby reducing the leakage 
flux through the gap between the screens, as a result of the flow of induction currents 
around this gap. Although with the above-mentioned measures the crossfeed could 
be reduced to an acceptable level, complicated internal and external screens were 
required, as well as careful adjustment of the screens at the back of the tape. In 
practical heads screens were sometimes employed with as many as twenty or thirty 
layers forming an alternating sequence of conducting and magnetic material. 
Also in 1964 J .A.Geurst of Philips, carried out a theoretical investigation of 
crossfeed based on the Cauchy-Riemann relations[15]. Some of Walther 's work was 
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justified by this analytical model. Nevertheless, it may not be safe to assume that 
three-dimensional effects such as the influence of finite track-width, would not alter 
the flux line pattern in front of a head structure substantially. 
In 1976 H.N. Bertram and J.C. Mallinson, Ampex Corporation, USA, presented 
a novel theory wherein it was assumed that flux flows only in a skin layer which 
covers all the surface of the head[16]. The gap regions were treated as magnetic 
transmission lines. This model was simple enough to be readily applied to the de-
sign of heads made from conductive materials. In particular, this theory yielded 
insights into the the main contributing factors to crossfeed under AC excitation. 
In 1976, D.J . Sansom, Data Recording Heads Ltd., England, investigated factors 
affecting t he design and performance of digital recording heads with reference to 
multi-track write/read heads for use with thin high-coercivity disc media[17] . He 
took account of the flux leakage paths round each ferrite core to calculate the core 
efficiency and crosstalk from an adjacent core. Values obtained with cores approx-
imating to this model and for which sufficient data were available, indicated that 
absolute levels of inductance, write current, peak output and crosstalk were calcu-
lable to ± 15 % accuracy using the techniques described. The above calculation 
discrepancy was attributed to calculation error because only the leakage of the flux 
had been taken into account. In the real case the AC bias effect increased the 
crosstalk by 5 dB over the calculated value described above. 
In 1977, A. van Herk, Philips, studied the side fringing field and write and read 
crosstalk of narrow magnet ic recording heads[18]. An analytical expression, based 
on Lindholm's work, was derived that describes the response of a magnetic read head 
of finite width to a magnetized track of finite width shifted in the lateral direction. 
\t\Tith this expression the side fringing field and the crosstalk from adjacent tracks 
were calculated. 
In 1984, K.Tanaka, Mitsubishi Corporation, Japan, measured t he crosstalk in 
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the recording process and the playback process in multihead digital tape recorder 
applications[19]. It was concluded that the limitation of track density in multitrack 
digital recording is determined by intertrack crosstalk. That is to say, signal-to-noise 
ratio (SNR) was proportional to the square root of the track width and inversely 
proportional to the second power of linear density. This relationship meant that 
increasing the track density would degrade the SNR of t he playback signal less than 
increasing linear density. 
Figure 1.16 shows the schematic shape and arrangement of the cores in a head 
in Tanaka's work. Only four are shown, but more could be possible in practice, 
together with dummy cores on either side. Coils were wound on the back bars 
connecting them to the pole pieces. A symmetric design is presented here. The 
crosstalk level was calculated when each core dimension of the head was changed 
individually. It was clear from the calculation results that crosstalk could be im-
proved greatly with a change in the guard space, the inclination of the top core, 
the gap depth, or the core width. The guard space cannot be changed because it 
changes the recorded track format. In manufacturing the head, the core width may 
easily be changed. The gap depth should be as small as possible under the con-
sideration of adequate durability. In summary, a reduction of the area of the cores 
facing one another reduced the crosstalk without reducing the efficiency of the head. 
In Tanaka's work, the SNR could be fur ther improved by electrical cancellation 
of the crosstalk signal. An improvement by about 15-20 dB was possible with a very 
simple circui t, as shown in F igure 1.17. 
In 1992, J .M. Coutellier, et a!, Laboratoire Central de Recherches, Cedex, France[20], 
realized a 32(data)x12(selection)=384 track fixed recording head , as shown in Figure 
1.18, constructed with the ability to record a very large number of parallel tracks 
on a magnetic tape. A conventional addressing technique was used to multiplex the 
recording process. Each head was located at the crossing of two coils, the row wire 
being used to feed the data to be recorded , and the column wire to select the desired 
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Figure 1.16: Schematic arrangement of the cores in a head in Tanaka's work. 
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Figure 1.17: Circuit diagram of the crosstalk canceller in Tanaka's work. 
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Selection 
Figure 1.18: Recording gap layout of a 384 track fixed recording head in Coutellier's 
work . 
elements. Mult iplex-induced crosstalk was analyzed and was measured in the worst 
case to be below -23 dB, attributing to the grooved ferrite wafer structure. A raw bit 
error rate of 10- 5 was measured for the complete channel, including a new readout 
component. 
In 1996, Y. Murata, et al, Mitsubishi Corporation, Japan(21], developed a sim-
ple design method to analyze the crosstalk using the 3D F inite E lement Method 
(FEM). In previous crosstalk theory, separating the erase head and t he R/W head 
by the nonmagnetic layer was the main method to reduce crosstalk. However, this 
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Figure 1.19: Structure of the 4 MB FDD head in Murata's work. 
method reduced R/W efficiencies because the cross-sectional area of the center core 
was reduced. Murata, et a!, found that there were two flux paths contributing to 
the crosstalk in the write/read process: one was the path through the ferrite cores, 
and another was the path once fringing through air and re-entering into the R/W 
core. By balancing the fluxes through those two paths, it was possible to realize 
both high efficiency and low crosstalk simultaneously. Murata's head assembly, as 
shown in Figure 1.19, was adopted for 4 MB flexible disk drives. 
In 1998 J.J.M. Ruigrok, et al, Philips[3], developed an advanced tape storage 
system named DigaMax™. It was a new multi track tape system which offered high 
storage capacity and high, variable data rates. It could reach up to 13GB (uncom-
pressed) on 300 m (1000 ft) of 8 mm wide 72 kA/m (900 Oe) tape using a track 
pitch of 37.5 J.Lm and a minimum bit length of 0.35 J.Lm. Eight-channel thin-film data 
heads, as shown in Figure 1.20, enabled data rates of 0.5-2 MB/s at a tape speed of 
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Figure 1.20: Cross-section of the read/write head in Ruigrok's work. 
0.28-1.12 m/s (11-44 inch/s). These characteristics enabled, for example, real-time 
storage and play-back of 7 hours of high quality JPEG 2 video. 
T he eight-channel data head in Ruigrok 's work, as shown in Figure 1.20, con-
sisted of a yoke-type MagnetoResistive (MR) read head on top of a write head. 
Reading of t he long wavelength servo signals by the data read head was possible by 
the use of yoke-type read heads. Shielded heads would have difficulty in detecting 
the servo t racks, since these heads are relatively insensitive to long wavelengths. 
The flux guides and the MR element were made of NiFe. The bottom writer flux 
guide had a width of 3 J.Lm , while the reader was 24 J.Lm wide. Write and read gaps 
were 1.3 J.Lm and 0.25 J.Lm, respectively. The relatively low number of windings on 
the data write head led to a very compact write head with a calculated efficiency 
better than 80 %. Planarization steps made it possible to posit ion the MR read 
head on top of the data write head. This enabled a reduction of the thickness of the 
separation oxide between the MR element and the reader flux guides from 0.6 to 0.3 
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p.m, since the contacts to the MR element were no longer in between the MR element 
and the flux guides. Compared to earlier designs, the efficiency of the read heads 
was improved from 11 to 19% by the reduction of the separation oxide thickness in 
combination with a reduction in die distance between the MR element and the tape 
bearing surface. This improvement in efficiency together with the absence of barber 
poles and a reduction of the MR element height and thickness led to a sensitivity 
improvement of a factor of 6. The improved sensitivity and small gap length of the 
DigaMax™ read heads facilitated the detection of bit lengths as small as 0.35 p.m 
in 72 kA/m tape. The gap field of the write head should have steep gradients on 
both sides of the gap to keep the transition length well below the minimum length 
of 0.35 p.m for both directions of tape. Secondly, the data tracks should only be 
written in the surface part of the magnetic coating, leaving the bulk of these tracks 
unaffected. For this reason a current with an amplitude of 32 mA was applied to 
the 5-turn data write head. This small current induced a field that is optimum in 
recording of the smallest bits (0.35 p.m ) and was smaller than the coercive field of 
the tape at distances larger than 0.2 p.m. 
1. 7 Motivation 
Traditionally, write-read crossfeed has been reduced in conventional heads by a va-
riety of screening methods, but the effectness of these methods is very limited. On 
the other hand, the early theoretical investigations of the crossfeed problem, con-
centrating on the flux line pattern in front of a head structure based on a simplified 
model, may not be comprehensive. Today a growing number of magnetic recording 
equipment manufacturers employ thin-film technology to fabricate magnetic record-
ing heads[l]. There are many advantages to this approach, with perhaps the most 
important being the ability to produce extremely narrow pole tips and recording gap 
widths in the thin-film process[22]. As a result, the size of the modern head is much 
smaller than that in the past. These narrow pole tips, in turn, permit the density of 
magnetic recording to be increased. In addition, employing magnetoresistive replay 
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heads is becoming more and more popular and this brings a tenfold increase in area) 
density[1]. Furthermore, keepered media has appeared as a potential technique with 
smoother transition, quieter replay and anti-thermal stability[23][24]. The increas-
ing use of thin-film metallic magnetic materials for heads, along with the appearance 
of other new technologies, such as the MR reproductive mode and keepered media, 
has stimulated an increased understanding of the crossfeed problem by advanced 
analysis methods and a satisfactory practical solution to achieve the RWW opera-
tion. 
The work described in this thesis to suppress the crossfeed field involves both 
a novel reproductive mode of Dual Magnetoresitive (DMR)[25][26]) heads, which 
was originally designed to gain a large reproduce sensitivity at high linear record-
ing densities exceeding 100 kFCI, playing the key role in suppressing the crossfeed, 
and several other compensation schemes, giving further suppression. Analytical and 
numerical methods of estimating crossfeed in single and multitrack thin-film/M-R 
heads under both DC and AC excitations can often help a head designer understand 
how the crossfeed field spreads and therefore how to suppress the crossfeed field from 
the standpoint of an overall head configuration. This work also assesses the scale 
of the crossfeed problem by making measurements on current and improved heads, 
thereby adapting the main contributors to crossfeed. Much of this work has either 
already been published or has been submitted for publication [27][28][29][30][31] 
[32][33][34]. There have also been five conference presentations of the work. 
1.8 Outline of This Work 
This thesis will cover: 
· Magnetostatics (Chapter 2) 
· Magnetodynamics (Chapter 3) 
· Experimental Assessment of Heads (Chapter 4) 
· Conclusions (Chapter 5) 
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Magnetostatics 
2.1 Introduction 
Chapter 2 describes an investigation of Read-While-Write (RWW) operation by 
magnetostatic analysis. Neither medium motion nor eddy current effects caused 
by conductive materials are considered in this chapter: it is presumed that all time 
scales are long compared to these phenomena. Time enters only through the constant 
head-to-medium relative speed, v, so that all temporal information is transformed 
immediately into the fundamental spatial recording process by x=vt or dxjdt=v. 
The purpose of this chapter is to provide useful relations for the determination of 
crossfeed fields, both from traditional analytical models and modern Finite Ele-
ment Method (FEM) models. In magnetic recording the track width is generally 
large with respect to dimensions in the nominal recording plane, which includes 
the head-to-tape motion direction and the direction perpendicular to the medium 
surface (thickness direction). Therefore, two-dimensional crossfeed field expressions 
are useful and will be given explicitly in Section 2.3. In two dimensions the analyti-
cal model acquires a particular simple form based on the arctangent and logarithm 
functions. Analysis of three-dimensional crossfeed fields, including using the 3D 
FEM, will be discussed in subsequent sections where it will be possible to consider 
more detailed contributors to crossfeed fields and various screening schemes for the 
reduction of these fields. 
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Thus, the framework will be provided for the determination of crossfeed fields in 
the case of single track (Section 2.3) and multiple track (Section 2.4) and contribu-
tions from different shielding schemes and different reproducing modes (Section 2.6 
"'2.13). In particular, a novel dual-magnetoresistive (DMR) reproducing mode will 
be addressed in detail in Section 2.2. For direct correspondence with the magneto-
resistive reproducing output the simple volume integral over the elements can be 
utilized. 
2.2 Concepts of MR and DMR 
Throughout this thesis two reproducing modes are considered : the traditional SAL 
(Soft Adjacent Layer) reproducing mode and the DMR (Dual-Magneto-Resistive) 
reproducing mode. 
Ferromagnetic materials exhibit a variety of phenomena associated with changes 
in resistivity due to change of the state of magnetization. A magnetic field can ro-
tate the direction of magnetization. The most useful effect is the anisotropic change 
in resistivity as the magnetization direction of a saturated specimen is rotated with 
respect to the direction of an applied current. Field sensors using the anisotropic 
MR effect can be fabricated into extremely small devices using thin film technology. 
The most common material utilized in MR transducers is the alloy NiFe with 6.p/ p 
"' 2 % and p "' 20 pohm-cm for thin films with thicknesses t "" 200 A. At a com-
position near (81 %Ni, 19 %Fe), permalloy is nonmagnetostrictive and possesses a 
sufficiently low crystalline anisotropy and high saturation magnetization to yield a 
high intrinsic permeability. 
The magnetoresistance effect was first utilized as an extremely efficient playback 
transducer in magnetic recording in 1975[1]. In the basic MR process a current is 
applied to a thin film along its long direction. As shown in Figure 2.1, an adjacent 
film, experiencing a field due to the sense current in the MR sensor, is used to bias 
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Figure 2.1: SAL (Soft Adjacent Layer) scheme. 
2.2 
the magnetization to a quiescent condition of optimum sensitivity and minimum dis-
tortion. For single domain operation, additional layers of 'exchange tabs' are often 
used to stabilize the fi lm magnetization and define the active sensing width . Shield 
layers are often placed on either side of the element to enhance t he spatial resolut ion. 
A 2-terminal DMR head consists of two nominally ident ical, adjacent magne-
toresistive stripes separated by a dielectric spacer (e.g. Si02 or Ah03) in the active 
region but shorted at both ends (the contact regions underneath the leads and off-
track wing regions) by conducting tabs (e.g. Au, but t his might be replaced by a 
conducting permanent magnet or an exchange-coupled material) between the MR 
stripes. It is designed to combine simple fabrication with a large intrinsic sensitivity 
at high linear densi ty[25][26]. 
In the DMR head[25][26], the magnetizations of the individual stripes are biased 
to a semi-saturation state by the sense current passing through the opposite stripe, 
as shown in Figure 2.2(a). This means that the magnetizations scissor from their 
nominal parallel position, one is at -45°, the other is at +45°. The nominal parallel 
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Figure 2.2: Schematic of a Dual Magnetoresistive head. DMR is a typical 2-terminal 
element because the two MR stripes are shorted at both ends. 
magnetization configuration without sense current flowing is caused by permanent 
magnet tabs (e.g. Co alloy) or exchange-coupled tabs (e.g. FeMn or TbCo) placed 
in the contact regions and wing regions to control the magnetization orientation, 
thus avoiding multidomain formation within the soft films[7][10][8]. The DMR head 
is a typical 2-terminal element because t he two MR stripes are shorted at both 
ends. In other words, these two MR stripes are connected in parallel electrically. 
In Figure 2.2 (a) and (b), the two MR stripes are exposed to the anti-symmetric 
field from a recorded bit and thus the DMR head produces an output( each of these 
two MR stripes within an anti-symmetric field has a resistance change with same 
change polarity). In Figure 2.2 (c) , the two MR stripes are exposed to an uniform 
applied field and thus the DMR head produces almost null output(one MR stripe 
has a resistance increase, the other has a resistance decrease and they almost cancel 
each other with a parallel connection). In this regard, the DMR head is sensitive 
only to the spatially anti-symmetric component of the applied field. Most impor-
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Figure 2.3: Normalized spectral response function, F(k) , for the UMR(Unshielded 
MR), SMR(Shielded MR) and DMR(Dual MR). The DMR has been shown to pro-
vide a large reproduce sensitivity at high linear recording densities exceeding 100 
kFCI[25] [26]. 
tantly, as shown in F igure 2.3, this DMR head promises excellent resolution when 
reading the high field gradients from extremely sharp magnetization transitions, e.g. 
those in good perpendicular media, due to the small separation of the elements in 
the device. These features are important for overcoming the limitations of present 
recording heads and achieving the high spatial resolution necessary for an ultra-high 
density perpendicular magnetic recording system. In this thesis, we will explore the 
possibility of crossfeed suppression by the DMR concept. 
2.3 2D Analytical Model 
Modeling plays an important role in the early phases of design. Head design, 
for example, fo cusing on fine detail , requires sophisticated programs that may be 
too slow for the needs of most users. For those interested in quickly seeing the 
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Figure 2.4: Idealized model of a RWW head. Two replay modes will be considered: 
the SAL mode (SAL and MR) and the DMR mode (MRl and MR2). 
consequences of design iteration, simplified analytical models are a welcome alter-
native. The simplified analytical models discussed in this section and the next 
section incorporate the essential details of the read and write processes while re-
maining corn putationally t ractable(28][29]. 
The mathematical model is illustrated by Figure 2.4 which presents a cross-
section perpendicular to the front face of the head structure and parallel to the 
direction of the medium motion indicated by an arrow. T he recording field con-
sidered here is the component of the external field existing perpendicular to the 
direction of medium motion over an infinitesimal gap between pole pieces of infinite 
permeability[35]. Figure 2.4 shows the medium motion and gap direction referred 
to x , y coordinates existing parallel to the medium mot ion and perpendicula r to 
the head-medium contact plane, respectively. T he field (H ) in SI uni ts produced 
at a distance (R) from the gap by a recording current (i) in the winding of n turns 
around the head pole is given by 
H(t) = 2_ ni(t ) 
7r R 
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The component of this field parallel to the MR stripe depth is 
H (t) = .!_ ni(t)x 
Y 7f x2 + y2 (2.2) 
The reproducing MR stripes will be sensitive to the Hy component only, due to 
a strong demagnetization effect through the film thickness direction. Two parallel 
soft magnetic stripes in read gap configuration have been used in the figure. As 
stated in Section 2.1, we will consider two replay cases: the SAL case and the DMR 
case. In the SAL case, the right stripe is assumed to be NiFe material for the MR 
sensor while the left stripe is assumed to be CoZrNb material for bias purposes. In 
the DMR case, both stripes are assumed to be NiFe material for the two MR sen-
sors. The MR track width w is 22.9 p,m. The MR stripe thickness o is 500 A. The 
thicknesses of the dielectric layers are 1000 A, 500 A and 1000 A, respectively. The 
inter-shield separation (0.35 p,m) governs t he linear resolution of readback processes 
in the SAL case whereas the inter-stripe separation (0.05 p,m) governs that in the 
DMR case. The MR stripe depth his 2.5 p,m. The inter-gap separation is denoted 
by s. 
A rectangular-shaped thin-film magnetoresistor in a single domain state can be 
analysed by considering t he various magnetic energy components that exist in the 
film. If an applied fi~ld is made up of a constant component, Hb, and a much 
smaller variable component, Hy, then, for a sense current I and initial resistance R0 
an output voltage ei (1st order approximation, j=1,2) of a single MR stripe can be 
obtained by integrating over the device dimensions, i.e. 
(2 .3) 
Using the y component of the head field gives 
ni(t) 1 j h 
ej(t) ex -1f-Oh arctan(~)dx (2.4) 
35 
MAGNETOSTATICS 2.3 
_ ni(t) 1 [ (h) h ( X 2 Jxo+6 _ ( 
- ----:;-Oh X arctan ~ + 2 ln 1 + h2) xo - j Xo) (2.5) 
In the SAL case, we can simply take the volume integral over the right stripe as 
the crossfeed noise of the MR head, i.e. 
d 
CrossfeedsAL ex f ( s + 2 + 6) (2.6) 
However, in the DMR case we should subtract the integral over the left stripe 
from that over the right one then divide it by 2 as the approximate crossfeed response 
of the DMR head because of the parallel connection bet .. veen the two rnagnetoresis-
tive stripes in the DMR head, i.e. 
d d 
CrossfeedDMR ex f(s - 2 - 8) - f( s + 2 + 8) (2.7) 
In order to evaluate fai rly the proportion of the crossfeed within the effective signal, 
we define a Signal-Crossfeed-Ratio (SCR) as below: 
SC R = 20 log Signal (dB) 
Cross f eed (2.8) 
T he deri vation of the reproducing head signal in the presence of a typical medium 
can be simply done by using the reciprocity principle[25][26]. The properties of 
the medium which go into the calculation are listed below: t ransition excitation 
!vi rtm = 2.8 memu/cm2 (remanent magnetization Mr=400 emu/cc, medium thick-
ness t 771 =0.07 J..Lm) , single step-functional transition without transition length , the 
head-medium spacing is 0.03 J..Lm. 
In Figure 2.5, the calculated SCR vs inter-gap-separation characteristics are 
depicted[36] [37] . SCR increases as the gap-center separation increases. For efficient 
use of the available storage space a short distance between the head gaps is required, 
as mentioned in Section 1.3. Therefore, both heads must be fabricated on the same 
substrate. In the conventional combined head, the recording head is stacked on 
the playback head or vice versa. This stacking of heads results in poor mechanical 
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F igure 2.5: SCR-inter-gap-separation characteristics of RWW heads. 
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integrity because increasing the number and thickness of the layers increases the 
total stress. Furthermore, these stacking processes are very time-consuming and 
can degrade the properties of the MR element. An addi t ional benefit from close 
write-to-read gap separation is fewer off-track errors due to the slope of the tape 
(and azimut h alignment of the head) as it passes over the head. In conclusion, it is 
found that the DMR reproducing method is very effective in reducing the crossfeed . 
As shown in Figure 2.5 , the SCR in the DMR design is generally 4-5 t imes higher 
than that in the SAL reproducing design. Such a high SCR in the DMR design is 
because t he leakage flux from the medium goes upward in the right stripe and re-
turns downward in the left stripe. This constitutes a closed magnetic circuit. Each 
MR stripe has a resistance change with same change polarity. Such anti-parallel 
field components will cause a signal output in the DMR head. In contrast, when 
considering crossfeed radiation from the write head , the field disturbance accepted 
by the two MR stripes is almost the same because these two stripes are located very 
close to each other with respect to the write gap. As a result, one MR stripe has a 
resistance increase, and the other has a resistance decrease. Obviously in the DMR 
case the output signals from these two stripes will cancel each other, as shown in 
F igure 2.2, thus causing an almost null final output. 
2.4 3D Analyt ical Model: Multi-track Case 
The work in this section involves the investigation of a range of important parame-
ters related to noise-rejection and their optimisation to achieve a significant advance 
in the RWW performance of multi-track heads suitable for high data rates[29]. In 
the case of multi-track RWW heads, the individual crossfeecl signals from different 
locations should be considered for a particular gap in the read array. 
T he analytical model, including three R/W channels, is illustrated by Figure 
2.6. In this case, there needs to be a 3-dimensional system constructed to position 
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Figure 2.6: The higher: Idealized 3D model of a multi- track Read-While-Write 
(RWW) head . The recording gap length g is used as a size unit. Two replay 
modes will be considered: the SAL mode (SAL and MR) and the DMR mode (MRl 
and MR2); The lower: Superposition of wedges to obtain finite gap, finite width 
head[38]. The excessive part should be removed by subtracting out a 1r-wedge (2d 
infinite t rack width Karlqvist head) . 
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the heads accurately so that the individual crossfeed signals from different locations 
can be detected and summed. The x, y and z coordinates exist along the medium 
motion direction, perpendicular to the head-medium contact plane and along the 
trackwidth direction , respectively. The origin of t he coordinate system is located in 
the center of the middle recording gap. The recording gap length is referred to g, 
which is used as the unit for all dimensions. An ult ra-dense design is assumed here: 
the recording trackwidth is 2g; the separation between recording poles is g. Two 
parallel soft magnetic stripes in read gap configuration have been used in t he fi gure. 
As stated in Section 2.2, we will consider two replay cases: the SAL case and the 
DMR case. In the SAL case, the rear stripe MR is assumed to be NiFe material 
for the MR sensor while the front stripe is assumed to be CoZrNb material for bias 
purposes. In the DMR case both stripes, denoted by MRl and MR2 respectively, 
are assumed to be NiFe material for the two MR sensors. The MR track width is g; 
the MR stripe thickness is 0.2g; the MR stripe depth is 0.6g; the thickness of each 
dielectric layer is 0.5g, which governs the linear resolution of readback processes in 
the DMR case. The spatial center of the two boundaries on the ABS (Air Bearing 
Surface) or TBS (Tape Bearing Surface) of the MR stripes is denoted by the coor-
dinate (x,y,z ). 
Closed form field solutions by Lindholm[38] are used for single finite gap heads 
with fini te track width. In this method, several special cases are generated when 
t he exterior angle a of the wedge(38] is a multiple of 1r /2, i.e. a = n · (n /2). 
The multiple n will be used conveniently as a subscript to distinguish the different 
solutions to follow. When n = 2, the exterior angle is 180° and the geometry of this 
n-wedge is that of Karlqvist 's 2-dimensional head. When n = 3, the exterior angle 
is 270° and the geometry of this 3n /2-wedge is that of a semi-infinite width head. 
The center-track head with fini te t rack width as shown in Figure 2.6 is obtained by 
the superposit ion, also as shown in Figure 2.6, of n-wedge (Karlqvist's expression 
H2), 3n /2-wedge (H3 ) and another 3n /2-wedge (H'3) with the field given by[38] 
H = H3(x, y, z- w/2) + H~(x, y, z + w/2) - H2(x, y, z) (2.9) 
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where the write head width w = 2g. This formula just represents the center-track 
write head . Contributions from end-track heads should also be summed. 
As for the device used in the 2D analytical model, the magnetization is 45° 
biased in the rectangular-shaped thin-film magnetoresistor in a single domain state. 
Nevert heless, the 3-dimensional reproducing MR stripes will be sensitive to both 
the Hy and Hz components. Hx does not contribute to the output due to a strong 
demagnetization effect through the film thickness direction x. Considering the worst 
case, an approximate crossfeed response ei (j= 1,2) of a single MR stripe can be 
obtained by integrating over the device dimensions, i.e. 
ei <X i j j j Hy(x, y, z )dxdydz I + 
+ I j j j Hz(x , y, z )dxdydz I . (2.10) 
To simplify t he problem, we assume that the source magnetic flux in the MR 
films is from t he ABS(TBS)-near boundaries and the injected flux into the MR films 
is uniform in the z direction. 
In the SAL case, we can simply take the volume integral over the rear stripe as 
the crossfeed response. However in the DMR case, to get the crossfeed response, we 
should subtract the integral over the front stripe from that over the rear one and 
then divide it by two because of the parallel connection between the two stripes. 
A conven ient way to visualize the crossfeed response is by means of the perspec-
t ive views, Figure 2.7 and Figure 2.8. Figure 2.7 depicts the calculated crossfeed 
response (absolute value) in arbitrary units of a SAL-MR head while 3 write heads 
are in operation simultaneously vs the MR head location (x,y,z). Figure 2.8 is the 
similar case of Dual-MR. In the above cases, y=O and x and z range from -5g to +5g. 
It is noted that a series of peaks wit h different heights (due to superposition) are 
localized near the edge-ends of each write gap and the tallest peaks in the SAL-MR 
case are twice as tall as the tallest ones in the DMR case. Note that a central band 
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F igure 2.7: The calculated crossfeed response in arbitrary units of a SAL-MR head 
while 3 write heads are in operation simultaneously vs the MR head location (x,y, z ). 
In this case, y=O and x and z range from -5g to +5g. 
around -2.5g::;x:s;+2.5g is a fictitious region because the MR heads cannot exist in 
this band, occupied by the write head array. The region of interest is beyond this 
band. 
By cutting t he views of Figure 2.7 and Figure 2.8 along certain planes, most 
of the information about the crossfeed noise response can be obtained. First, slic-
ing parallel to the x-axis at a given z produces a plot of noise versus x with z as 
a parameter (z=-3g,0,+3g) , which shows the behavior of the noise as the track is 
traversed. Second, slicing parallel to the z-axis at a given x produces a plot of noise 
versus z with x as a parameter (x::;-2.5g or x2:+2.5g), which shows the behavior of 
the noise as the trackwidth is traversed. Third, slicing parallel to the xz-plane at 
different noise levels produces contour plots of these noise levels in that plane. 
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Figure 2.8: The calculated crossfeed response, in the same units as Figure 2. 7, of a 
Dual-MR head while 3 write heads are in operation simultaneously vs the MR head 
location (x,y,z). In this case, y=O and x and z range from -5g to +5g. 
By studying Figure 2.7 and Figure 2.8 along these various cuts, the following 
conclusions can be drawn: 
1. As shown in Figure 2.9, the crossfeed noise response decreases as the write-read-
gap-center separation increases. For efficient use of the available storage space a 
short distance between the head gaps is required . An addit ional benefit from close 
write-to-read gap separation is fewer off-track errors due to the slope of the tape 
(and azimuth alignment of the head) as it passes over the head. 
2. It is found that, as shown in Figure 2.9, the crossfeed noise in a DMR head 
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Figure 2.9: Crossfeed response 2D slices of Figure 2. 7 and Figure 2.8. T hree write 
heads are operative simul taneously. 
decreases much more sharply than that in a SAL-MR head as the separation in-
creases. For example, the crossfeed noise at a typical point (x=±4g, z=O) in the 
DMR design is only 4.5% of that at t he same point in the SAL. Such good crossfeed-
noise-rejection in t he DMR design is because the field disturbance accepted by the 
two MR stripes is almost t he same since these two stripes are located very close to 
each other with respect to the write gap. As a result, one MR stripe has a resistance 
increase, and the other has a resistance decrease. Obviously in the DMR case the 
output signals from these two stripes will cancel each other due to the electrical 
parallel connection, thus causing an almost null final output . 
3. A series of crossfeed response peaks wit h different heights, existing near the 
edge-ends of each write gap as mentioned above, leave their long tails far away 
from the write gap along the track direction. As a resul t, shown in Figure 2.10, 
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Figure 2.10: Crossfeed response 2D slices of Figure 2.7 and Figure 2.8. Three write 
heads are operative simultaneously. 
the trackwidth-transverse direction is found to be very important with an array of 
read heads. The end-tracks have different crossfeed responses from the center-track. 
In the SAL-MR case, the center-track crossfeed response at (x=±4g,z=O) is 22.1% 
stronger than t he end-track response at (x=±4g,z=±3g). In the Dual-MR case, 
the center-track crossfeed response at (x=±4g,z=O) is just 3.2% stronger than the 
end-track response at (x=±4g,z=±3g). 
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2.5 3D Finite Element Methodology (FEM) 
OPERA-3d (an OPerating environment for Electromagnetic Research and Analy-
sis) is the pre and post-processing system for well known electromagnetics analysis 
programs including TOSCA, ELEKTRA and VF /GFUN. The programs were devel-
oped at t he Rutherford Appleton Laboratory in England. It represents the results 
of many years research, development and application experience. 
The TOSCA 3-D Nonlinear Magnetic Field Simulation Package[39) (supplied by 
Vector Field Corp.) was used to study the crossfeed problem[31) . TOSCA can be 
used to compute magnetic or electrostatic fields including the effects of nonlinear 
media, in three dimensions. The program incorporates state of the art algorithms 
for the calculation of electromagnetic fields, advanced finite element and non-linear 
equation numerical analysis procedures. 
Finite element discretization forms the basis of the methods used in these analysis 
programs[40) . This widely applicable technique for the solution of partial differen-
t ial equations requires special enhancements to make it applicable to electromagnetic 
field calculations. Access to these features in TOSCA is supported by the OPERA-
3d Pre-processor which provides facilities for the creation of finite element models, 
specification of complicated conductor geometry, definition of material character-
istics including for example, non-linear and anisotropic descriptions and graphical 
displays for examination of the data. Similarly, the OPERA-3d post-processor pro-
vides facilities necessary for calculating electromagnetic fields . As well as displaying 
field quantities as graphs and contour maps, the OPERA-3d post-processor can cal-
culate and display many derived quantit ies and can plot particle trajectories through 
the calculated fields. 
The key steps in setting up a finite element model in TOSCA are now briefly 
discussed. 
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Figure 2.11: Regions of model space. 
2.5.1 Model Space 
Generally speaking, a typical model can be divided into a number of regions, 
each having particular physical characteristics, as illustrated in Figure 2.11. 
· ne- These are regions having non-zero conductivity CJ, permeability J.L and dielec-
tric coefficient £ . Such regions would include ferromagnetic materials, eddy current 
regions and permanent magnets. 
· ns - T hese are regions contain fi eld sources i.e. current carrying coils. 
· no - Often the above regions are surrounded by air i.e. free space. 
· r o - For numerical modelling, the problem must be bounded. A suitable distant 
boundary is required to the problem. 
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2.5.2 Mesh Generation and Discretisation Strategy 
2.5.2 
The mesh generation stage is illustrated in Figure 2.12, showing the convenient 
method of defining a problem by the TOSCA 3D Pre-Processor. Each region of 
a model is divided into elements. The elements fi t together to form a mesh. The 
solution potential is then calculated at each node in the mesh. 
One of the advantages of TOSCA is that the finite element mesh does not have 
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to fit the shape of the coils. However it is important that the coil fields are accu-
rately represented by the finite elements at the interface between reduced and total 
potential. The approach to distribute the elements to get best accuracy is 
· Concentrate elements in the areas of interest 
· Use quadratic elements in the areas of interest 
· Use quadratic elements where field gradients are large 
· Use sufficient elements to model the variation of permeability 
A useful check may be made on the shape of the volumes in the Preprocessor to 
label the distorted elements, such as intersecting faces, mid-side points too close to 
corners, excessive curvature or distortion, too small volumes and negative volumes, 
etc. 
2.5.3 Topology of the Potential Space 
The magnetic steel should be total potential and the air containing the conduc-
tive coil should be reduced potential. The rest of the air should be total potential. 
Neither the reduced potential nor the vector potential should be surrounded by a 
total potential region completely with a net circulating loop, otherwise it violates 
the Ampere's law because the contour integral within the total potential region is 
non-zero. If a continuous magnetic" ring" exists, such a multiple connected problem 
can be overcome in two ways: 
· Implied "cuts" with a discontinuity of potential in total potential regions. If the 
problem has a symmetry plane, a new boundary condition is needed such that dif-
ference in potential is equal to the enclosed current. 
· Real "cuts" in total potential regions. If no symmetry exists, make a small reduced 
potential region cutting total potential but avoid the region of interest. 
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2.5.4 Magnetostatic Analysis 
In the magnetostatic case, the magnetic field intensity ii and the flux density B are 
required within the problem space. 
By the electrostatic formulation, a magnetic scalar potential '1/J is introduced such 
that: 
ii = -grad'I/J (2.11) 
where '1/J is now the m.m.f.(magnetomotive force) and is called the (total) scalar 
potential. 
In two dimensions the above equation reduces to 
~ 81/J H ---Y- ay 
The permeability, J.L, of a magnetic material is defined by the relationship: 
(2.12) 
(2.13) 
(2.14) 
Here, J.L may be field dependent giving a non-linear relationship between B and 
ii. In case that B and ii are not along the same direction, J.L is a tensor with 9 
components. 
The formulation 2.11 relies on there being no source currents present, I, = 0, 
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and Ampere's law can be written: 
rotff = rot(grad'ljJ) = I, = 0 (2.15) 
2.5.5 Source Currents in Three Dimensions 
If a 3-D region contains source current density, I., then it is still possible to use 
a scalar potential approach. This relies on the current having a known value and 
distribution, i.e. there are predefined source currents. 
A method of solving this problem is to partition the field into two parts. These 
parts relate to the magnetic field intensity due to sources, H., and that due to 
material magnetization, ff m: 
(2.16) 
For a known source, the magnetic field intensity, due to that source, ff s is known 
(from the Biot-Savart law). For a volume n containing currents, the field is given 
by 
(2.17) 
It is still necessary to determine ff m· In a similar way to the total potential 
technique, since rotff = 18 = 0, a scalar potential can be defined as 
(2.18) 
where ljJ is known as the (reduced) scalar potential. 
This gives an expression for the total field of 
ff = H8 - gradl/J (2.19) 
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This shows that finding~ (and knowing ii.) allows the determination of ii and 
B. 
2.5.6 Boundary Conditions 
The boundary conditions are an essential part of the mathematical model. The 
choice of conditions may significantly affect the solution obtained. 
The boundary condition options available are: 
· Set the potential, ~' on boundary to a specific value. 
Setting ~ = constant implies magnetic flux is normal to the boundary. 
This is equivalent to setting: 'Normal Magnetic'(Dirichlet). 
· Set the derivative of potential to a value. 
Setting a ~ I a n = constant implies magnetic flux is tangential to the boundary. 
This is equivalent to setting: 'Tangential Magnetic'(Neumann). 
· Note: If no condition is specified, 'Tangential Magnetic' is applied (default Neu-
mann boundary condition). 
2.5. 7 Material Properties 
TOSCA uses material characteristics to relate flux density and field intensity of all 
materials (except for air). These must be defined with the OPERA-3D Preprocessor 
and associated with the material names in the model. 
· Soft magnetic materials 
Characteristics should be defined in the first quadrant, with the first values of B 
and H both zero. The curve should not extend beyond saturation magnetization; 
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the program extrapolates correctly with a B I a H = J.lo· 
· Hard magnetic materials 
The demagnetization curve in the second quadrant is used. The first value of B 
should be zero and H the coercive force. 
· Permanent magnets 
Two pieces of information are necessary to define a permanent magnet: 1. The 
coercive force. This is the first value of H in a BH curve. For this reason, BH files 
must be supplied even for linear (constant permeability) analysis. 2. The direction 
of the coercive force. This is supplied as 3 Euler angles defining the local Z' direction 
for a volume. 
2.5.8 Laminations 
Laminated materials can be solved by specifying each lamination or by giving infor-
mation to enable the program to calculate the effect of the laminations using bulk 
laminated material properties. 
To use laminated material anisotropy the following must be supplied: 
1. The packing factor. 
This is a number between 0 and ·1 and defines the ratio of magnetic material 
thickness to total lamination thickness e.g. for a 0.049 inch thick plate with 0.01 
inch thickness insulation. 
If J.liron is the permeability given by the BH data and p is the packing factor, 
then in directions parallel to the laminations, the program will use 
J.l = PJ.liron + (1 - P)J.lo (2.20) 
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and normal to the laminations 
p, = 1-Lo/.Liron 
P/-Lo + (1 - P)/-Liron (2.21} 
2. The direction normal to the plane of the laminations. 
3. ANISotropic = LAMinated option must be switched on in the OPERA-3D Pre-
processor. 
2.5.9 Anisotropy 
Different magnetic characteristics may be assigned to each of the local directions 
associated with each volume. 
2.6 RWW Head Designs 
The magnetostatic 3D model space containing a Read-While-Write head is consid-
ered. Due to symmetry, only half of the structure has been modelled here. Front, 
side, bottom and 3D perspective views are also shown in Figure 2.13 to Figure 
2.16. The maximum element number used in the modelling was 45,000. For a write 
head, it is assumed that the permeability of the recording medium is the same as 
that of air and so in the write (crossfeed} process no medium will be taken into ac-
count. A default Neumann boundary was used in the model. To get best accuracy, 
quadratic elements are used around write and read gaps where field gradients are 
large. Newton-Raphson methods are used to solve the non-linear equations. The 
maximum number of the iteration is 15 and the convergence tolerance is 0.001. 
All the dimensions are taken according to a new generation head TR5 produced 
by the Read-Rite company[41]. All the poles are 3.0 p,m thick, and the throat 
height is 5 p,m. The write head gap is 1.2 p,m. The angle of the inclination of 
54 
MAGNETOSTATICS 2.6 
y Y200.0 
Coil 
150.0 ·100.0 z L _j ·150.0 
OPERA·3d 
Figure 2.13: Front view with mesh elements. This is an example of the so-called 
separator design. T he geometry and fields exhibit two-fold symmetry and hence 
only half of the structure, except for the coil , has been modelled here. 
the left pole near the zero-throat point is 45°. The pole t ip wid ths of the top pole 
(write pole) , the bottom pole and the shielding pole are 61 ~tm , 100 ~tm and 140 
~tm, respectively. The top and bottom poles are 10 ~tm apart in the yoke region. 
Overall they are about 140 ~tm high and 140 f.J-ffi wide. The head coils are assumed 
to be a single turn and the applied magnetomotive force is 0.60 A-turns. This is 
approximately equivalent to a write current of 40 mA for a 15-turn coil. In order to 
allow the head to potentially write t he high coercivity {2000 Oersted or 160 kA/m) 
Metal Particle medium, the pole material is chosen to be a FeN based soft magnetic 
film with a saturation magnetization of 1.9 Tesla and an initial permeability of 6000. 
In this investigation, we will consider two replay cases: t he SAL (Soft Adjacent 
Laycr)[1] case and the DMR (Dual-Magneto-Resistive) case. Two parallel soft mag-
netic stri pes in read gap configuration have been used. In the SAL case, the right 
stripe near the write head is assumed to be NiFe material for the MR sensor wh ile 
55 
MAGNETOSTATIC S 
Y _Y200.0 
I F 
CoiL--
I 1--
Write poles 
~r 
I v Shields 
_Y50. 
_I · 100.0 - I · 50...:_0 _ ~ ~ 50.0 L 
X 
100.0 150.0 
_J - ' -
I 1Miov1il t4~2SP•12 I 
J'Eh~-~~3d L---------------------~----------------------~ 
2.6 
Figure 2.14: Side view with mesh elements. This is an example of the so-called 
separator design. 
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Figure 2.15: Bottom view with mesh elements. This is an example of the so-called 
separator design. 
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Figure 2.16: 3D perspective view with mesh elements. This is an example of the 
so-called separator design. 
the left stripe is assumed to be CoZrNb material for bias purposes. In t he DMR 
case, both stripes are assumed to be NiFe material for the two MR sensors. The MR 
t rack width is 22.9 Jlill , less half of the write track width . The MR stripe thickness 
is 500 A. The thicknesses of the dielectric layers are 1000 A, 500 A and 1000 A, 
respectively. The inter-shield separation (0.35 Jlm ) governs the linear resolution of 
readback processes in the SAL case whereas the inter-stripe separation (0.05 Jlm) 
governs that in the DMR case. The MR stripe depth is 2.5 Jlm. 
Three read-whi le-write tape head designs are considered in this chapter, as de-
scribed below. 
The reference head (conventional merged head design) is shown in Figure 2.17. It 
is based on a low-cost shared-pole sensor-in-gap head design (Figure 1.2 of Chapter 
1). The bottom pole of the write head also simultaneously plays a shielding role for 
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In order to eliminate the shared pole between the gaps, a so-called separator 
design has been proposed as shown in Figure 2.18. This is a slight variation of 
the reference head by an addition of a 3 J-Lm non-magnetic separator between the 
two head elements. Separating the write element and the read element by a non-
magnetic separator enables separate optimisation of write and read elements. 
The third design considered in this investigation, called the laminated-separator 
design, is shown in Figure 2.19. In this case, an additional laminated-separator with 
3 J-Lm thickness is inserted between the two head elements. A laminated-separator 
will have not only high magnetic flux transport efficiency but also high mechanical 
intensity. It was hypothesized that the recording fie ld would be confined to the 
left side of this laminated-separator. Laminated materials can be specified by the 
packing factor and the direction normal to the plane of the laminations. In this 
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2.6 
investigation, the packing factor varies from 0.5 to 1.0. As t he lamination is parallel 
to the head fabrication plane, t he corresponding Euler angles for the lamination 
direction are set to be 90°, 90° and -90°, respectively. 
T he crossfeed response is evaluated by t he output of t he MR head. The output of 
the MR head is given by the volume integral of the vertical component of magnetic 
flux density within the MR stripe. In this case, an MR sensor is only sensitive to a 
vertical field because the transversal components cancel each other. The expression 
of the output V of a single MR stripe is: 
V ex I I I Bydxdydz (2.22) 
The units for this volume integral are T·J.tm 3 . As mentioned above, we will con-
sider both the SAL case and the DMR case for each head design. In the SAL case, 
we can simply take the volume integral over the right stripe as the final output of 
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Figure 2.19: The improved laminated-separator design. 
MR head. However, in the DMR case to set t he final output of a DMR head, we 
should subtract out the integral over the right stripe from that over the left one and 
then divide it by 2 because of the parallel connection between the two MR stripes 
in a DMR head (See Section 2.2 for details.). 
2. 7 Different Coil Shapes 
The crossfeed effect with different coil shapes is investigated. Two coil shapes are 
considered here: the well-used planar coil scheme (Figure 2.20) and the proposed 
tubular coil scheme (Figure 2.21). For a closed coil , two different sources of interfer-
ence field can easily be distinguished, namely: (a) Positive-direction current carrying 
conductor (In abbreviation, positive conductor) ; (b) egative-direction current car-
rying conductor (negative conductor). 
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F igure 2.22: Fictit ious field distribution comparison between planar coil structure 
and tubular coil st ructure. For a closed coil, two different sources of interference 
field can easily be distinguished, namely: (1) Posit ive-direction current carrying 
conductor (In abbreviation, positive conductor); (2) Negative-direction current car-
rying conductor (negative conductor). T he primary motivation for the tubular coil 
scheme is to reduce the crossfeed by the property t hat the interference fields from 
the posit ive and negative conductors will cancel each other because they are so close 
to each other in the tubu lar coil scheme. 
The primary motivation for the tubular coil scheme is to reduce the crossfeed by 
the property that the interference fields from the positive conductor and from t he 
negative conductor will partially cancel each other because t hey are so close with re-
spect to the MR sensor in the t ubular coil scheme. Their ficti tious field distribut ions 
are shown in Figure 2.22. Unfortunately, simulation resul t comparison between the 
tubular coil scheme, shown in Figure 2.23 (Figure 2.24), and the planar coil scheme, 
shown in Figure 2.27 later , displays no obvious different field distribution. T his is 
because of t he presence of magnetic poles with high permeability. In other words, 
t he field distribution is mainly determined by t he write gap between the wri te pole 
and the shared pole, not by the location of t he conductors. Nevertheless, the planar 
coil is easier to manufacture than the tubular coil and so the rest investigations will 
be based on the planar coil design. 
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F igure 2.23: Flux density d istribution in the mid-width plane (z=O) of magnetic 
materials for a tubula r coil design at a selected applied rnagnetomotive force 0.60 
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Figure 2.24: Magnified flux density distribution around the write gap for a tubular 
coil head design. 
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2.8 A By-product of Different Core Width Design 
As described above, in our reference design , the pole tip widths of the write pole 
and the shared pole are 61 p,m and 100 p,m, respectively. The primary motivation 
for this well-used merged head with different width poles is to reduce the magnetic 
flux resistance and for easy fabrication purposes (no aligning calibration is needed). 
The structure employed here, however, has another advantage that the magnetic 
flux leaking around the two sides of the shared pole will effectively be confined be-
hind the pole. The write field distribution in the TBS of the MR stripe is shown in 
Figure 2.25. For comparison, the fictitious case of the head design with the same 
pole width is shown in Figure 2.26. In the present case with different pole widths, 
the SAL crossfeed is 0.1323 T-p,m3 while the DMR crossfeed is 0.00291 T·p,m3; in 
the fictitious case with same pole width, the SAL crossfeed is 0.1337 T ·p,m3 while 
the DMR crossfeed is 0.0336 T ·p,m3. That is to say, there is a reasonable reduction 
in crossfeed (1.1 %in SAL and 13.4% in DMR) with a wider bottom (shield) pole, 
predicted by the above analysis. 
2. 9 Head Field Intensity 
Recording of a tape or disk is accomplished when t he media moves through the stray 
field from the gap in the write head. We need to know this field so we can determine 
t he locations where the field intensity exceeds the coercive force of t he individual 
particles, and hence may change their magnetization. The write flux distributions 
of the three designs at a selected applied magnetomotive force (I = 0.60 AT) in the 
mid-width cut plane (z= O) are shown in Figure 2.27 to Figure 2.29. For clarity only 
the poles and the air region underneath the TBS are displayed with field arrows. 
The field intensity in the central point of the write gap is 3667 Oe, sufficient to allow 
that head to write both the low coercivity (900 Oersted) 1 Fe20 3 and potentially 
64 
MAGN ETOSTATICS 
I X 40.0 I 
r-------------~r-------
·Shield· 
I 
' ///
/~ ;{o / 
/1/ I 
I I I 
~ :30.0 
..... 
' f 
! 
I 
I 
2.9 
z 40.Jl 
'-
• • 
f 
i \ 
' I 
I / 
..... 
__. 
..... 
__. 
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Figure 2.27: F lux density distribution in the mid-width plane {z=O) for a shared-
pole design (with the planar coil) at a selected applied magnetomot ive force 0.60 
AT. 
the higher (2000 Oersted) Metal Part icle media(3]. 
Currently t he highest output signal is obtained by advanced metal evaporated 
tape. T his is due to the fact that the magnetic recording layer thickness has progres-
sively decreased over the years to improve t he recorded transition length, a, and the 
overwrite performance. T he increase is mainly attributable to magnetic particles of 
higher remanent magnetization , Mr, and higher packing fractions. T he downside 
to increasing the Mr indefi nitely is that the recorded t ransition length, a, increases 
and may be approximated by(l ]: 
a = ]( (2.23) 
where, 6 is the magnetic layer thickness, def 1 is the effective head to medium spacing 
and f ( is a proportionality constant result ing from the write field and geometrical 
considerations. (The spacing loss was first described by Wallace and is generally 
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Figure 2.28: Flux density distribut ion in the mid-width plane (z=O) for a 3 J.Lm non-
magnetic separator design (with the planar coil) at a selected applied magnetomotive 
force 0.60 AT. 
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Figure 2.29: Flux density distribution in the mid-width plane (z=O) for a 3 J.Lm 
laminated-separator (packing factor= 0.5) design (with the planar coil) at a selected 
applied magnetomotive force 0.60 AT. 
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referred to as the "Wallace Loss" [l]. The Wallace Loss assumes a coating J.L=l but 
sometimes J.L=2rv4 will affect the sensing in a way that increases the spacing loss.) 
Thus, to prevent the transition length from reducing the maximum linear recording 
density appreciably the coercivity, He, is generally increased in line with Mr. The 
coercivity is limited in practice by t he maximum write field that can be applied 
using inductive write heads. From the above we can see why the recent trends in 
magnet ic recording have led to media with increased remanent magnetization and 
increased coercivity[42). 
2.10 Crossfeed Response in Three Designs 
By studying Figure 2.27 to Figure 2.29, it is found that the flux distribution is sig-
nificantly asymmetric due to the existence of the read assembly. In particular, the 
20 kA/m field arrow extends out about 10 J.Lm towards the read gap side from the 
write gap. In contrast, it e:>..'tends out only 2.5 J.tm on the opposite side. This implies 
that the MR reproductive element will receive serious interference from the write 
field . 
Since the divergence of the flux density is always zero, the magnetic flux induced 
by a coil should constitute a closed loop. This has been justified in Figure 2.30 to 
Figure 2.32. As illustrated in Figure 2.33, the shields serve mainly to transport part 
of the flux from the write head back to the writing coil. During the RWW process, 
the coils of an inductive write element are energized with a current . A portion of the 
result ing magnetic leak flux is radiated to the read gap in front of the TBS and then 
t ransported through the high-permeability poles and shields in the head structure. 
The details of this flux, i.e. the transportation process and its overall efficiency (i.e., 
how much of the flux reaches the read gap), are determined by t he head geometry 
and materials. For example, in the case of separator designs, the low permeability 
of the non-magnetic separator represents an increased reluctance (equivalent to air) 
to the crossfeed fields and this may cause the crossfeed fields to forcibly interfere 
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Figure 2.30: Flux density distribut ion in the mid-width plane (z=O) for a shared-
pole design at a selected applied magnetomotive force 0.60 AT. The shield serves 
mainly to t ransport part of the flux from the write bead back to the writ ing coil. 
The (planar) coil is also shown here. 
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Figure 2.31: Flux density distribution in the mid-width plane (z=O) for a 3 J..tm 
separator design at a selected applied magnetomotive force 0.60 AT. T he shield 
serves mainly to transport part of the flux from the write head back to the writing 
coil. The (planar) coil is also shown here. 
70 
MAGNETOSTATICS 
I 
0 
ci 
~ 
- f -
0 
lci 
<D }: 
I 
I 
0 
~ 
I 
• 
0 
ci 
<D 
- I_ 
0 
ci 
CO 
>< 
_J 
2.10 
Figure 2.32: Flux density distribution in the mid-width plane (z=O) of magnetic 
materials for a 3 J.Lm laminated-separator (laminating factor = 0.5) design at a 
selected applied magnetomotive force 0.60 AT. The laminated-separator and shield 
serve mainly to transport part of the flux from the write head back to the writing 
coil. The (planar) coil is also shown here. 
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Shield 1 
Shield 2 
' 
'' ' - ___ --G~p Jeakage flux 
- -
Figure 2.33: The shield serves mainly to transport part of t he flux from the write 
head back to the writing coil. Here is example of separator design. During the 
R\1\1\1\1 process, t he coils of an inductive write element are energized with a current. 
A portion of the resulting magnetic leak flux is radiated to the read gap in front of 
the TBS and then transported through t he high-permeability poles and shields in 
the head structure. T he details of this flux - t ransportation process and its overall 
efficiency (i.e., how much of the flux reaches the read gap) are determined by the 
head geometry and materials. 
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with the MR element behind the shield. In this regard, the transporting efficiency is 
considerably improved when high permeability metallic magnetic materials are used 
as the separator. The higher the permeability, the more efficient the transportation 
becomes. The shields with a high permeability, e.g. CoZrNb, act more as alternative 
lo·w-reluctance paths which divert the crossfeed fields away from the MR element. 
We will discuss the above phenomena further by considering a vertical field map-
ping. A typical simulated one-dimensional field mapping of the vertical component 
in the TBS plane is shown in Figure 2.34 through Figure 2.36. We only take the 
vertical field into account because the MR sensor is only sensitive to the vertical 
component. A phenomenon deserving note is that some enhancements of the flux 
intensity exists in some regions, in agreement with electron beam tomography mea-
surements on three components of the thin-film head field distribution[43). In the 
case of the shared-pole design (Figure 2.34), the MR sensor is located near the 2nd 
positive peak of the vertical component. In the case of separator design (Figure 
2.35), there are five separated positive peaks and the MR sensor is located near 
the 4th peak. In the case of laminated-separator (Figure 2.36), there are still five 
positive peaks and the MR sensor is still located near the 4th peak. Because the 
4th peak is much lower than the 2nd one, the MR sensor senses little magnetic flux 
from the write head in the latter two cases. We conclude that in the separator 
(non-magnetic or laminated) head design the separator plays a very important role 
in reducing crossfeed from the write head to the MR sensor because it attracts and 
transports most of diverging flux (which is an enhancement!) from the write head. 
This is why some enhancements of the flux intensity exists in some regions. There-
fore, the non-magnetic or laminated separator head is one preferred approach for 
ach ieving simultaneous operation of the read head and write head . 
In principle the interference intensity depends on the different head structures 
and the exact calculation results are as follows: 
In the case of shared-pole design (Figure 2.27), the SAL crossfeed is 0.1323 T·J.Lm3 
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while the DMR crossfeed is 0.0291 T-J.Lm3 ; 
In the case of separator design (Figure 2.28), the SAL crossfeed is 0.0966 T ·p.m3 
while the DMR crossfeed is 0.0145 T·J.Lm3 ; 
In the case of laminated-design (Figure 2.29) (the lamination packing factor is 
0.5), the SAL crossfeed is 0.0825 T ·p.m3 while the DMR crossfeed is 0.0119 T·,um3. 
From the above results, as summarized in Table 2.1, we see that shared-pole 
head design exhibits significant crossfeed from the write signals to the read sensor 
as a result of the shared pole and close proximity of the write element to t he read 
sensor. Compared with the reference head, the crossfeed of the separator type head 
is reduced by 27% in the SAL case and by 50% in the DMR case. Compared with the 
reference head, the crossfeed of the laminated-separator (packing factor is 0.5) type 
head is reduced by 38% in the SAL case and by 59% in the DMR case. The main 
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R eplay modes 
H ead designs SAL DMR 
Shared-pole 0.1323 0.0291 
Separator 0.0966 0.0145 
Laminated-separator 0.0825 0.0119 
Table 2.1: Crossfeed responses with three different RWW head designs. The thick-
ness of the (non-magnetic) separator or the laminated-separator is 3 p,m. In the 
laminated-separator design, the packing factor is 0.5. The unit of response is T·p,m3 . 
reason for such an improvement in the non-magnetic or laminated separator head 
design is that the enhancement of the flux intensity appears underneath the separa-
tor whereas the enhancement appears underneath the MR sensor in the shared-pole 
head design. 
2.11 Laminating Effect 
In order to investigate the laminating effect in detail, we also investigated two addi-
tional laminated-separator cases: when the packing factor is 0. 75, the SAL crossfeed 
is 0.0745 T-p,m3 while the DMR crossfeed is 0.0084 T·p,m3 ; when the packing factor 
is 1.00, the SAL crossfeed is 0.0741 T ·p,m3 while the DMR crossfeed is 0.0074 T·p,m3 . 
As mentioned above, in t he case of laminated-design (Figure 2.29) (the lamination 
packing factor is 0.5), t he SAL crossfeed is 0.0825 T-p,m3 while the DMR crossfeed 
is 0.0119 T·p,m3 . Compared with the packing factor of 0 (Figure 2.28) , the crossfeed 
wit h a 0.5 packing factor is reduced by 14% in the SAL case and by 18% in the DMR 
case; the crossfeed with a 0.75 packing factor is reduced by 23% in the SAL case 
and by 42% in the DMR case; the crossfeed with a 1.00 packing factor is reduced 
by 23% in the SAL case and by 49% in the DMR case. Table 2.2 summarizes the 
above calculations. 
As illustrated in Figure 2.33, the shields serve mainly to transport part of the flu x 
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Replay modes 
Packing factor SAL DMR 
0 0.0966 0.0145 
0.5 0.0825 0.0119 
0.75 0.0745 0.0084 
1.0 0.0741 0.0074 
Table 2.2: Crossfeed responses in laminated-separator RWW head design with three 
different packing factors . The unit of response is T·pm3. 
from the write head back to the writing coil in the RWW operation. From this stand-
point, the transporting efficiency is considerably improved when laminated metallic 
magnetic materials with a high packing factor are used. The higher the lamination 
packing factor, the more efficient the transportation becomes. The shields with a 
high packing factor act more as alternative low-reluctance paths which divert the 
crossfeed fie lds away from the MR element. 
2.12 Underpole and Underlayer Designs 
We have also considered two other compensation schemes to give further reduction 
of crossfeed from the write head to the MR sensor. These two compensating meth-
ods have been well-used in magnetic tape units in the 1960's[14][15]. Figure 2.37 
and Figure 2.38 show an under-pole scheme. In this scheme, a whole-plane shielding 
pole with a hole (5 pm high) to let the tape go through is used to screen the diffusing 
magnetic flux from the reproductive element. It was hypothesized that this under-
pole would attract most of the diverging flux and little write field would interfere 
with the MR sensor. Figure 2.39 and Figure 2.40 show an under-layer scheme. In 
this scheme, a thick soft magnetic underlayer with high permeability placed at a 
certain distance (5 pm) behind the tape, covers both the write head and the read 
head. 
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Figure 2.38: Field mappings of crossfeed situations around the read gap region in 
the under-pole design, with the 0.60 AT magnetomotive force through the writing 
coil. 
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Replay modes 
H ead designs SAL DMR 
Shared-pole 0.1323 0.0291 
Under-pole 0.1284 0.0283 
Under-layer 0.1241 0.0267 
Table 2.3: Crossfeed responses in shared-pole RWW head with two additional im-
proved different designs. The response's unit is T·J..tm3. 
Unfortunately, each of Figure 2.37 and Figure 2.39 shows no obvious different 
field distribution compared with the original one (Figure 2.27) . In the case of the 
underpole design, the SAL crossfeed is 0.1284 T·J..tm3 while the DMR crossfeed is 
0.0283 T·J..tm3; In the case of the underlayer design , the SAL crossfeed is 0.1241 
T·J..tm3 while the DMR crossfeed is 0.0267 T ·J..tm3 . As a comparison, in the case of 
the standard shared-pole design, the SAL crossfeed is 0.1323 T·J..tm3 while the DMR 
crossfeed is 0.0291 T·J..tm3 . Compared with the standard shared-pole design, the 
crossfeed in t he underpole design is reduced by 3% in the SAL case and by 3% in 
the DMR case whereas the crossfeed in the underlayer design is reduced by 7% in 
the SAL case and by 8% in the DMR case. This is because the size of the modern 
head is much smaller t han that in the past and we have to put an underlayer or 
underpole relatively far apart from the T BS of the head due to the limitation of the 
tape thickness. Thus, as summarized in Table 2.3, both underlayer and underpole 
have limited use for anti-interference purposes. 
2.13 Replay Processes 
The aim of a replay process simulation is to give the volume integral (i.e. equivalent 
signal) of the MR sensor in the presence of a typical medium, so we can compare 
the magnitude difference between this case and crossfeed case. In other words, we 
should give the proportion of the crossfeed within the effective signal. As mentioned 
above, we will consider both the SAL case and the DMR case for each head design. 
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The head structure and dimensions used in the replay simulation are the same 
as the crossfeed investigations except that, for the replay simulation, either a longi-
tudinal recording medium or a perpendicular recording medium is included in the 
model. In order to reduce the size of the model, only a three recorded bit longitu-
dinal recording medium and a two bit perpendicular medium right underneath the 
read gap were simulated. For the longitudinal medium, the central bit is magnetized 
in the left direction and the other two bits are magnetized in the right direction; 
the trackwidth of the three bits is 60 J.Lm; the bit length is 0.25 J.Lm with transition 
length 0.05 J.Lm; the thickness of the medium is 0.07 J.Lm; the head-medium spacing 
is 0.03 J.Lm; the coercivity of the recording medium is 900 Oersted. Different mag-
netic characteristics may be assigned to each of the local directions associated with 
the anisotropic medium. For the perpendicular medium(Figure 2.41), the left bit is 
magnetized in the up direction and the right bit magnetized in the down direction. 
The parameters for the perpendicular medium are similar, but this case will not be 
considered as our standard output case. 
Figure 2.42 is a computed three dimensional field mapping of t he three recorded 
longitudinal bits in the mid-width cut plane (z= O) , with the replay DMR head at the 
top of the medium. T he direction of each arrow corresponds to the direction of the 
flux density and its thickness to the flux density magnitude. This figure illustrates 
the flux distribution around the read gap region. It can be seen from the figure 
that the leakage flux from the medium goes upward in the left stripe and returns 
downward in the right stripe. It constitutes a closed magnetic circuit. Obviously it 
will cause a signal output (not peak value at this location) due to differential output 
in the DMR head. The calculated maximum DMR output is 0.3925 T·J.Lm3 for the 
longitudinal medium. This value will be used as standard output. We are now in 
a suitable position to compare advanced heads in a SCR manner. In the reference 
shared-pole head, the effective DMR signal is 13.5 times as large as the crossfeed 
(the SCR is 22.6 dB) ; in the separator head, the effective DMR signal is 27.1 times 
as large as the crossfeed (the SCR is 28.6 dB); in the laminated-separator head, the 
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Figure 2.41: DMR (Dual Magnetoresistance) head replay processes. T he figure 
illustrates the flux distribution of t he 2-bit perpendicular recorded medium in the 
mid-width cut plane (z=O) , with the replay DMR head located above the t ransition 
of those two bits. 
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Figure 2.42: DMR (Dual Magnetoresistance) head replay processes. The figure 
illustrates the flux distribution of the 3-bit longitudinal recorded medium in the 
mid-width cut plane (z= O) , with the replay DMR head located above the central 
bit. 
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Figure 2.43: Field mappings of crossfeed situations around the read gap region in 
the shared-pole design, at a selected applied magnetomotive force 0.60 AT through 
the writ ing coil. 
effective DMR signal is 33.0 times as large as the crossfeed (the SCR is 30.4 dB). 
In the other calculation, the maximum SAL output is found to be 0.3285 T·J.Lm3 
(also for the longitudinal medium). Therefore, in the SAL MR reproduction case, 
the SCR is: 7.9 dB (shared-pole case), 10.6 dB(separator case), 12.0 dB (laminated-
separator case), respectively, for these three structures. 
In contrast , we also computed three dimensional field mappings of crossfeed sit-
uations in t he three bead designs around the read gap region, at a selected applied 
magnetomotive force 0.60 AT through the writing coil. As shown in Figure 2.43 to 
Figure 2.45, the field distribution in the two MR stripes is almost t he same because 
these two stripes are located so close with respect to the write gap. Obviously the 
output signals from these two stripes will cancel each other in t he DMR case, thus 
an almost null final output will be caused (only 0.0119 T ·J.Lm3 for the laminated-
separator RWW head design). 
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2.14 Summary 
Firstly in this chapter analytical models have been ut ilized to simulate the crossfeed 
problems in read-while-write (RWW) tape heads. The simplified analytical models 
discussed in this chapter incorporate the essent ial details of read and write pro-
cesses while remaining computationally tractable. For those interested in quickly 
seeing the consequences of a design iteration, simplified anlytical models can be 
extremely valuable. The most significant contributors, such as inter-shield spacing 
and reproductive mode, have been identified. A new Thin-Film Inductive/ Dual-
Magneto-Resistive tape head design was found to reduce the crossfeed by about a 
factor of thirty, compared with the conventional shared-pole design, which is the 
most usual approach for achieving simultaneous read and write operations in both 
single-track and multi-track cases. 
A 3D Finite Element Method (FEM), sui ted to study more detailed contributors 
(e.g., various screening schemes), was then used to give more exact results. The 
crossfeed performances over t he surface of read-while-wri te (RWW) tape heads with 
several different screening schemes have been quantitatively simulated. The replay 
processes on a three (or two) bits medium have also been quantitatively simulated. 
In addition to the calculation mentioned above, we also considered two other exam-
ples to give a complete picture of crossfeed contributors: the separator type head 
with 9 p,m thickness and the laminated-separator type head with 9 p,m t hickness 
(the packing factor is 0.5). In the case of9 p,m separator, the SAL crossfeed is 0.0395 
T·p,m3 while t he DMR crossfeed is 0.0063 T ·p,m3. In the case of 9 p,m laminated-
separator (the packing factor is 0.5), the SAL crossfeed is 0.0267 T ·p,m3 while the 
DMR crossfeed is 0.0045 T·p,m3 . Table 2.4 summarizes the SCR of various head 
designs. Their SCR vs gap-separation characteristics are depicted in Figure 2.46. 
In summary: 
(a) T he SCR increases as the gap-center separation increases. The (non-magnetic 
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Head structu1·e 
Separation Shared-pole Separator Laminated 
SAL DMR SAL DMR SAL DMR 
3.775!-£m 7.9dB 22.6dB 7.9dB 22.6dB 7.9dB 22.6dB 
9.775!-£m 10.6dB 28.6dB 12.0dB 30.4dB 
15 .775~-Lm 18.4dB 35.9dB 21.8dB 38.8dB 
Table 2.4: The SCR(Signal-Crossfeed-Ratio) of various head designs. In the separa-
tor design the material of the separator is non-magnetic. In the laminated-separator 
design, the packing factor is 0.5. 
SCR 
(dB) 
40 
35 
30 
25 
20 
15 
10 
5 
0 Laminated-separator (DMR) 
L Nonmagnetic separator(DMR) 
0 Laminated-separator (SAL) 
9 Nonmagnetic separator(SAL) 
Shared-pole 
---------o/ I 
-- Laminated-separator 
Nonmagnetic separator 
3 6 9 12 15 
Gap-center separation ( rm) 
Figure 2.46: SCR vs. gap separation characteristics. Here the thickness of the 
laminated-separator is 3 !-£m and the packing factor for the laminated-separator 
design is 0.5. 
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SCR 
(dB) 
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Figure 2.47: Lamination packing factor effect. 
2.14 
or laminated) separator plays a very important role in reducing crossfeed from the 
write head to the MR sensor. Generally the SCR in the separator design (3 J..tffi 
separator thickness) is 3-8 dB higher than that in t he shared-pole design; 
(b) T he laminated-separator design is effective in reducing the crossfeed. F igure 
2.47 shows t he lamination packing factor effect . As illustrated earlier, t he shields 
serve mainly to t ransport part of the flux from the wri te head back to the writ-
ing coil in the RWW operation. From this standpoint, the transport ing efficiency 
is considerably improved when laminated metallic magnetic materials with a high 
packing factor are used. The higher the lamination packing factor, t he more effi-
cient the t ransportation becomes. T he shields with a high packing factor act more 
as alternative low-reluctance paths which divert the crossfeed fields away from the 
MR element. But there is a saturation of increasing SCR when the packing factor 
approaches 1.00. Generally the SCR in the laminated-separator design is 2-3 dB 
higher than that in the (non-magnetic) separator design; 
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(c) The DMR reproductive method is effective in reducing the crossfeed. The SCR 
in the DMR designs is generally 15-18 dB higher than that in the SAL reproductive 
design. 
In summary, the best scheme to suppress the crossfeed field from the write head 
in a RWW tape head is to employ the so-called laminated-separator head configura-
tion and simultaneously employ a Dual-MR sensor instead of a traditional SAL MR 
sensor. The SCR is 28.6 dB for the head with 3 J-Lm non-magnetic separator or 30.4 
dB for the head with 3 J-Lm laminated-separator beside the inserted pole (packing 
factor is 0.5). Obviously, the latter is more pract ical due to its high SCR together 
with high mechanical strength. To reduce the manufacture cost, the shared-pole 
DMR configuration is also acceptable. Its SCR is 22.6 dB. 
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Chapter 3 
Magneto dynamics 
3.1 Introduction 
T he aim of this chapter is to find a practical solution for the suppression of crossfeed 
fi eld under Read-While-Write (RWW) operation at a high working frequency. For 
this reason, the effects of eddy currents in the conductive head yokes must be in-
cluded. Optimally, a sudden reversal in the current direct ion would cause a sudden 
reversal of the head field (i.e., a fast rise time). But eddy currents in the head yokes 
would act like a choke to slow the reversal of the head fi eld. 
A growing number of magnetic recording equipment manufacturers employ thin-
film technology to fabricate magnetic recording heads. A typical design for a thin-
film-magnetoresistive head is shown in Figure 3.1. T here are many advantages to 
t his approach, with perhaps the most important being t he ability to produce ex-
t remely narrow pole t ips and recording gap widths in the thin-film process. These 
narrow pole tips, in turn, permit t he density of magnetic recording to be increased. 
Unfor tunately, the very feature of these heads which make them at tractive for use in 
the recording process, namely, their small size, also makes thin-film heads difficult 
to study experimentally. In these circumstances, analytical and numerical methods 
of estimating crossfeed in single and multitrack thin-film/ MR heads under both DC 
and AC excitations can often help a head designer understand how the crossfeed 
field spreads and therefore how to suppress the crossfeed field from the standpoint 
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Shield 1 
F igure 3.1: A typical thin-film-magnetoresistive head. This is t he so-called separator 
design. 
of an overall head configuration. 
T he increasing use of high frequencies in magnetic recording, along with the 
appearance of high-performance head materials, such as Sendust with finite conduc-
tivity and Ferrites with a complex permeability, has stimulated an increased interest 
in the magnetic fields of heads having solid pole tips made from these materials. Such 
dynamic field calculations are often too complicated by purely analytical methods. 
However, the availability of digital computers makes possible the numerical solution 
of the sinusoidally varying fields for heads with finite conductivity. Solutions can 
also be obtained for heads with complex permeability. 
Currently, a high frequency response is required with increasing linear density 
and data transfer rate. That is to say, in order to realize a high data t ransfer rate, 
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high frequency write/read performance together with high movement velocity of 
medium and high recording density is necessary. Consider the examples of a hard 
disk drive[43]: in the case of 12 MB/s 1-7 code transformation the corresponding 
frequency is 36 MHz whereas in the case of 8/9 code transformation the correspond-
ing frequency is 54 MHz. Furthermore, if 20 MB/s 1-7 code transformation is used, 
a high-frequency driving current of 90 MHz has to flow through the recording head. 
At such high frequencies, the effect of eddy current loss is significant, so precise 
understanding of the recording field and the crossfeed field is very important when 
designing high density and high speed data storage systems. Consider another ex-
ample of a tape drive[1] : the rotary head systems used in the instrumentation and 
computing areas are based on either the VHS/8mm video format or the rotary head 
digital audio tape recorder (R-DAT) which has been developed for consumer ap-
plication. The high tape/head velocity, plus the use of helical scan techniques can 
accommodate very high densities. The R-DAT cassette measures 7.3 cm x 5.4 cm. 
An area) storage density of 176 kbits/mm2 is typical, with total capacity amounting 
to 2 Gbytes. Data transfer rates as high as 12 MB per second are possible. 
Previous analytical work on recording heads has almost exclusively dealt with 
magnetostatics and has ignored eddy current effects. In this chapter , we will use 
a 3D magnetodynamic compu ter package to compute the characteristics of thin-
film heads over a range of frequencies and determine the magnetic field distribution 
produced by the heads under a variety of conditions. The RWVv operation in the 
presence of a keepered medium will also be referred to in Section 3.8. 
3.2 3D FEM Magnetodynamic Methodology 
The ELEKTRA-3D Vector Fields Electromagnet ics Analysis Package is used to com-
pute electromagnetic fi elds including t he effects of eddy currents, in three dimensions[34]. 
T he program incorporates state of the art algorithms for the calculation of electro-
magnetic fields and advanced finite element numerical analysis procedures. The 
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approach is based on a combination of vector magnetic potentials in conducting 
media and scalar magnetic potentials in the rest of space to model time-varying 
electromagnetic fields. Finite element discretization forms the basis of t he methods 
used in these analysis programs[44]. 
3.2.1 Vector Potential in Three Dimensions 
The use of the (total) scalar potential is limited to cases where currents do not exist 
in the problem, otherwise Ampere's Law is violated. If a 3-D region contains source 
current density, I s, then it is still possible to use a scalar potential approach by 
the introduction of the so-called reduced scalar potent ial. This relies on the current 
having a known value and distribution, i.e. there are predefined source currents. 
When eddy currents are induced in conductors, the current distribution is no longer 
known beforehand, so Biot-Savart integrals cannot be used. In this case, it is nec-
essary to solve for the Magnetic Vector Potential, A. 
The relationship between electric field E and magnetic flux density B is given 
by Faraday's law(45] 
-. a§ 
rotE =--
ot 
(3.1) 
Accord ing to the definition of the magnetic vector potential A: rotA=B (div(rotA}:::::O), 
Formula 3.1 becomes 
-- a _. -. a.A 
rotE+ ot rotA = rot(E + ot ) = 0 (3.2) 
Since rot(grad V) = 0, where V is any scalar potential, this shows that the 
potential V (either the total potential '1/J or the reduced potential ifJ) must also be 
included in the analysis. That is 
- a.A E +- = -gradV at 
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The electric field E results in 
~ aA' 
E = - -- gradV at 
3.2.2 
(3.4) 
The relationship between A, J (current density) and V is given by Ohm's law 
~ aA 
J = -a- - agradV at (3.5) 
where a is the electrical conductivity. So that, for example, the x-component of 
cmTent density is 
8Ax 8V J =-a-- -a-
x at ax (3.6) 
3.2.2 Fields in Non-Conducting and Conducting Volumes 
ELEKTRA can use a combination of vector and scalar magnetic potentials to model 
t ime varying electromagnetic fields. In time-varying fields the currents that are in-
duced in conducting volumes are part of the unknowns in the system. Their fields 
cannot therefore be evaluated by simple performing an integration. Inside the con-
ducting volumes the field representation must include a rotational component . The 
most elegant approach is to combine the efficient total and reduced scalar potential 
method for non-conducting volumes, as mentioned in the last section, with an algo-
rithm that uses a vector potential (A) in the conducting volumes. 
3.2.3 Time Variation in ELEKTRA 
In a low-frequency time-varying magnetic field when the dimensions of the objects 
in the space are small compared to the wavelengths of the fields, the magnetic and 
electric fields are related by the low frequency limit of Maxwell's equations. There 
are three ELEKTRA analysis modules which each solve a different form of t ime 
variation. 
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· ELEKTRA/SS calculates steady-state ac currents (the time harmonic form) where 
all fields and potentials are oscillating at the same frequency. 
· ELEKTRA/TR calculates transient eddy currents induced by the fields of driving 
currents which change in time in a predetermined way, e.g. STEP, RAMP, SINE, 
COSine, PEAK, RISE or TABLe function. 
· ELEKTRA/VL calculates eddy currents induced by motion which does not change 
the geometry of the problem. 
3.2.4 Computational Effort 
As mentioned above, the eddy current effects must be modelled with Vector Poten-
t ial. However Vector Potent ial has 3 components and so the computational effor t to 
solve such a problem is greater than for TOSCA. Sometimes, the number of elements 
will be reduced in the problem. With regard to the display of results, fields may be 
evaluated either from the shape function derivat ives, or better still from the nodally 
averaged field. 
As in TOSCA, it is necessary to change the potent ial type of some of the air, as 
conductors must be placed wit hin a reduced potential volume in ELEKTRA. If this 
is not the case the model would be multiply-connected (The multiply-connected 
region is most easily described as being able to create a closed loop around the 
conductor through TOTAL potential regions only.) and this is in violation of the 
formulation . 
3. 2. 5 An Eddy Current Example 
An example is a conduct ive sheet with an excit ing coil in its geometric center. This 
example model will be created in t he OPERA-3D Preprocessor and analysed using 
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ELEKTRA/SS analysis modules. The results of this analysis will then be examined 
using the OPERA-3D Postprocessor. 
F igure 3.2 and Figure 3.3 show how an AC magnetic field penetrates a sheet 
of conductive material. Because the field changes its value and direction all the 
time, circulating currents are induced ins ide the sheet, although the distribution is 
seriously distorted when t he coil is shifted at its edge (Figure 3.3), in accordance 
wit h Lenz's law[45] . 
T his law is similar to Le Chatelier's law[l ], which states that all systems at rest 
will react to an outside change by an action that opposes the change. Lenz's law 
applies specifically to the induced currents, making them have direction so t hey 
create a field that is in opposition to the field that creates them. 
If the AC field varies fast enough (higher frequency), then t he induced fi elds may 
completely oppose the outside field , an effect used in shielding. The effect iveness of 
such shielding is not reduced by drilling a number of small holes in the sheet, since 
the circular currents still are operative. An example in daily life is the door of a 
microwave oven, where holes permit the user to look a t the destruction of a good 
filet mignon, but the field cannot radiate out . 
When the eddy currents are strong enough , no magnetic field goes through the 
center section of t he sheet . Since t he eddy currents increase with frequency, we will , 
with increasing frequency, have the flux concentrated at the edge of the sheet. It 
is then logical to talk about a surface flux t hat only penetrates into the sheet to a 
certain depth , the skin depth. 
T his skin depth is small for materials with high permeability Jlr and small re-
sistivity g; and it does decrease with higher frequencies. We could therefore, in our 
expression for the magnetic resistance of the pole (part of ~Rm), substitute the area 
with an effective area, that decreases in size with increasing signal frequency. 
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Induced circulating currents are still seen though they are seriously distorted when 
the coil is shifted at the edge of t he sheet. 
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It is also intended to model the lamination arrangement for a typical write-
read head to see how packing factor of the lamination pattern can be optimised. 
Electrically conducting and magnetically screening ma terials will need to be explored 
both simult aneously and separately in the model. The performance of such screens 
will vary with frequency depending on the frequency response of the head and the 
screens themselves. In this respect, bearing in mind tha t skin-depth is an important 
parameter in real heads, there will only be a limited extent to which the computer 
model can produce results identical to those found in practice. The computer model 
will be more accurate for this purpose. The skin depth can be calculated from[l]: 
where 
f2 = resistivity in fLOhm·cm 
1-Lr = relative permeability (at DC) 
f = frequency in ki-Iz. 
(3.7) 
T his formula will allow the calculation of the area available for the flux, a t each 
frequency we desire. T he use of these values in the expressions for the efficiency 
and the inductance will indeed show a decrease in the value of each as we raise the 
frequency. 
It will not provide an answer to t he increase in resistance. Upon studying the 
li terature we learn that a complex value for the permeability must be used[l ]: 
I • 11 J.L = fL -J IL (3.8) 
where j is the complex number J=I. 
The complex permeabili ty is not a true material constant - it depends not only 
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upon the material, but also its shape and the signal frequency. 
3.3 Magnetodynamic RWW Head Model 
In this chapter, we will choose the non-magnetic separator design to typify the RvVW 
heads. A eo-sinusoidal exciting current is applied through write coil and in most 
cases, except for special demonstration, only the results at time = 0 will be given. 
T he fabrication technique of a typical thin-film head has been borrowed from the 
semiconductor industry for fabrication of integrated circuits. Different layers are de-
posited onto an insulating substrate (silicon). T he copper has been shaped into a 
mult i-turn conductor and magnetic top and bottom poles are joined at the center of 
this conductor and there is no back gap. The front gap for an inductive head is con-
t rolled by a thin insulating layer. A Magneto-Resistive (MR) reproducing element 
is inserted between two shields. All the dimensions are taken according to a new 
generation head TR5 produced by t he Read-Rite company[41], as used in Chapter 
2. T he poles are 3.0 [Lm thick. The optimum design of the pole thickness is very 
important in achieving high frequency recording with thin fi lm heads. Increasing 
the pole th ickness is believed to be an effective way to increase the maximum field 
intensity to prevent magnetization saturation of the pole tips. However, an increase 
in the pole thickness significantly degrades the frequency response. Considering the 
relatively low working frequency in magnetic tape units, here we adopted a relative 
large pole thickness. The throat height is 5 f.Lm. The write head gap is 1.20 f.Lm . 
The angle of the inclination of the top pole near the zero-throat point is 45°. The 
tip wid ths of t he top pole, the bottom pole and t he two shields are 61 f.Lm, 100 f.LID 
and 140 f.Lm , respectively. T he top pole and the bottom pole are 10 f.LID apart in 
the yoke region. Overall they are about 140 f.LID high and 140 f.Lm wide. The head 
coils are assumed to be a single t urn, and the applied magnetomotive force is 0.60 
A-turns. This is approximately equivalent to a wri te current of 40 mA 0-p for a 
15-turn coil. The MR stripe track width is 22.9 [Lm, the thickness 500 A and the 
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depth 2.5 J.l.m . 
3.4 Three Dimensional Dynamic Magnetic Field 
As the linear recording density of magnetic storage systems increases, recording 
heads which can produce strong fields with steep field gradients are necessary in 
order to record the data patterns with sufficient overwrite characteristics on high 
coercivity media. Recording frequency, as well as linear recording density, must be 
increased to obtain higher data t ransfer rates. Currently, the highest data recording 
frequency is over 90 MHz in hard disk drives and 54 MHz in the rotary head digital 
audio tape recorder (R-DAT). At such high frequencies, the effect of eddy current 
loss is significant so precise understanding of the recording fie ld is very important 
when designing high density, high speed data storage systems. 
The dynamics of magnetization response in thin-film head yokes has been inves-
t igated. The three dimensional fringing fields of these heads are calculated. The 
magnetic poles are excited by a eo-sinusoidal current(! w) from 0 to 53.3 mA pp. 
Field intensity increases in proportion to I w, and at I w = 40 mA 0-p, the magnetic 
pole is almost saturated and the maximum value of 3667 Oe (DC, longitudinal field 
component) is reached, as shown in Figure 3.4. This figure reveals a clear depen-
dence of frequency response on drive current: better response characteristics are 
obtained with higher drive currents. In the range of I w :::; 40 mA 0-p, the intensity 
drops as the MMF decreases, while in the range of I w 2: 40 mA 0-p, t he intensity is 
almost a constant up to 10 MHz. 
F ield intensities and distributions are also calculated as a function of recording 
frequency. The maximum field intensities in the bit direction and phase angle are 
plotted as a function of recording frequency for each excitation, as shown in Figure 
3.5. It is found that li ttle difference due to recording frequency is observed between 
the resul ts at 0.25 MHz and at 1 MHz for the 40 mA 0-p excitation. Frequency 
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Figure 3.4: F ield vs. MMF (Magneto-Motive Force) . 
3.4 
responses are extremely degraded and field intensity begins to drop at frequencies 
higher than 1 MHz. The fi eld intensity at 50 MHz decreases by abou t 15% at 40 mA 
0-p excitation. Degradation of these frequency responses indicates the significant 
effect of the eddy current loss in the pole thickness direction. 
F ield response vs. cosinusoidally-varying write current at 50 MHz is shown in 
F igure 3.6. The value of the current (I w) is 40 mA 0-p. There is approximately a 30 
degrees phase shift between the write current and the peak field at the gap center. 
Such a phase shift is a lso clue to t he eddy current loss and it is equivalent tha t the 
resultant write fi eld lags the original write current by about 2 ns at 50 MHz. This 
phase shift increases with the frequency's increasing and makes the recording pro-
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Figure 3.7: Magnetic flux and eddy current distribution in a typical RWW head. Due 
to the high conductivity, the flux penetrating through the shield induces an in-plane 
eddy current that in turn produces a counteracting field to block the penetrating 
flux through the shield . 
cess complicated at high linear density and transfer rates. Nevertheless, the phase 
shift may be ignored when analyzing RWW operations since magnetic tape units 
normally operate at relatively low linear density and transfer ra tes. 
3.5 Using Low Conductivity Materials 
In the RWW operation, the shields serve mainly to transport part of the flux 
from the wri te head back to the writing coil, as illustrated in Figure 3. 7. The prin-
ciple has also been illustrated in Chapter 2. Due to the high conductivity, t he flux 
penetrating through the shield induces an in-plane eddy current that in turn pro-
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Properties 
Materials Permeability I Coercivity(Oe) I Magnetization(T) Conductivity(S/m) 
Permalloy 2,000 0.05 0.9 6.25e6 
Sendust 6,000 0.06 1 1.1e6 
MnZn ferrite 4,000 0.1 0.55 0.7 
FeSi 3,000 1.7 1e7 
NiFeNb 2,000 1.0 1e7 
CoTaZr 6,000 5 1.3 l.lle6 
Fe-Al-0 800 1.5 0.95 2.86e4 
FeN 6,000 1.9 1e7 
(Cu) 6e7 
Table 3.1: Properties of soft magnetic materials. 
duces a counteracting field to block the penetrating flux through the shield. At the 
high frequencies encountered in digital recording, the high conductivity of metallic 
magnetic materials, e.g. , FeN with a conductivity of 1 x 10 7 S/m, represents an 
increased reluctance (above air) due to the eddy-currents phenomenon, to the cross-
feed fields. This causes the crossfeed fields to forcibly interfere with the MR element 
behind the shield. 
In this regard, the transporting efficiency is considerably improved when mag-
netic materials with low conductivities are used. The shields with a lm.v conductivity 
act more as alternative low-reluctance paths which divert the crossfeed fields away 
from the MR element. Recently, Fe-Al-0 films with a nano-granular structure were 
successfully fabricated by RF magnetron sputtering[46]. These films exhibit good 
magnetic softness together with low electrical conductivity of 2.86 x 10 4 Sjm. The 
amorphous CoTaZr head with 1.3 T saturation flux density Bs and zero magne-
tostriction shows superior frequency response, and constant field intensity is main-
tained up to 30 MHz, regardless of drive current. The use of higher saturation flux 
density films , such as Co-based amorphous films or Fe-based crystalline films has 
also been focused. Table 3.1 summarizes the properties of soft magnetic materials. 
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The ELEKTRA results, as shown in F igure 3.8 and Figure 3.9, confirm the 
in-plane eddy current distribution resulting from the flux transportation by the con-
ductive magnetic shields. That is to say, the shielding efficiency depends part ly 
on the flux transport in the magnetic shields. It is advantageous to use magnetic 
materials with a low conductivity to prevent eddy currents, as shown in Figure 3.10 
and Figure 3.11. T he eddy current intensity is drastically reduced by using low con-
ductivity film for the poles and shields. This head exhibits a great improvement in 
suppressing crossfeed field . The corresponding crossfeed reduction is 7 % in t he SAL 
case and 8 % in the DMR case when Fe-Al-0 is used compared wit h conventional 
FeN material at a working frequency of 5MHz. Our interpretation of this resul t is 
that the eddy current loss is reduced because of t he increased resistivity of the poles 
and shields (conductivity was decreased from 1 x 10 7 S/m to 2.86 x 10 4 S/ m) . 
In summary, the requirements below are needed for the selection of head pole and 
shield materia ls: 
1. High permeabili ty for high efficiency; 
2. High saturation magnetization for high head fie ld; 
3. Low coercivity for low hysteresis; 
4. Low conductivity for low eddy current losses. 
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Figure 3.8: Eddy current distribut ion in the conventional shield (Shield 1 near the 
bottom pole) under a 5 MHz eo-sinusoidal write current at time = 0. The material 
of the shields is FeN with a conductivity of 1 x 10 7 "8/m. The finite-element mesh 
is also shown. 
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Figure 3.10: Eddy current distribution in the low-conductivity (2.86 x 10 4 S/m) 
shield (the top one near the bottom pole) under a 5 MHz eo-sinusoidal write current 
at t ime = 0. The material of the shields is Fe-Al-0. The finite-element mesh is also 
shown. 
PA0&£1A DATA 
·~1/d ... lkb 
EL.EKTRA-JIINtpiS 
Froq(Hz)oo5000000 
CaHNo 1ol 1 
6<26-
7504nodo& 
S'-lrd.-
Hodolcol..-
AC.,_.O 
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3.6 Cutting a Slot 
As mentioned in the last section, the shields with a low conductivity act more as 
alternative low-reluctance paths which divert the crossfeed fields away from the MR 
element. Nevertheless, in order to allow the head to write to the high coercivity 
(2000 Oe) metal particle medium, the pole material is still expected to be chosen 
as an excellent soft magnetic film FeN with a saturation magnetization of 1.9 Tesla, 
an initial permeability of 6000 and a conductivity of 1 x 10 7 S/m. Due to the 
high conductivity, the flux penetrating through the shield induces an in-plane eddy 
current (in Figure 3.8 and Figure 3.9) that in turn produces a counteracting field to 
block the penetrating flux through the shield. 
Vle propose here a possible way to prevent these eddy currents by cutting a slot 
through the metallic magnetic bottom pole and shields[34). The schematic of cut-
t ing a slot is ilJustrated in Figure 3.12. A slot with a depth of 35 J.Lm and a width of 
2 J.Lm, ending at the nominal center of the coil, has been cut. As can be clearly seen 
in Figure 3.13 and Figure 3.14, the in-plane eddy currents have been retarded and 
the strength of the in-plane eddy currents has been reduced to around half of that 
in the conventional case shown in Figure 3.8 and Figure 3.9. The corresponding 
crossfeed reduction is 3% in the SAL case and 5% in the DMR case when a slot is 
cut compared with the conventional case at a working frequency of 5MHz. 
Eddy current distributions along the vertical symmetric line in the conventional 
top shield (Shield 1) and the improved top shield are shown in Figure 3.15 and 
Figure 3.16, respectively. A comparison of normalized crossfeed response vs. phase 
angle for heads with and without slot is shown in Figure 3.17. It has been shown in 
this section that it is advantageous to cut a slot through the metallic magnetic pole 
and shields to prevent eddy currents. 
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3. 7 Interconnecting Shields 
In this section, we shall confine ourselves to crossfeed field suppression by intercon-
necting the metallic magnetic shields of the MR element to constitute a conductive 
ring. The schematic is shown in Figure 3.18. An applied crossfeed field Ha induces 
circulating eddy currents le that in turn produce a counteracting field He. The two 
fields cancel (partially) at the center, but not at edges. Therefore eddy currents le 
around the ring induced by incoming field Ha prevent the 'write' field flow through 
the interior of the 'read' ring, i.e. the MR element. 
A read-while-write thin-film tape head is modelled. All the dimensions are taken 
according to a new generation head TR5 produced by the Read-Rite company, as 
used previously. Figure 3.19 gives bottom views of a shield-wing-interconnecting 
RWVv head. 
Figure 3.20 shows a circular eddy current distribution around the joint region 
of the two shields under a write field of 5 MHz. Because these eddy currents pro-
duce a counteracting field to block the penetrating fl ux through the shield ring, a 
corresponding crossfeed response of the MR element, I I I By dx dy dz, has been 
reduced by a factor of 4 % in the SAL case and 5 % in the DMR case, respectively, 
compared with that of a t raditional parallel-shield design. A further 3 % reduction 
can be obtained if copper overlay shields with a conductivity of 6.29 x 10 7 S/m are 
used . In addition, the frequency-dependent crossfeed response comparison between 
the improved shield-wing-interconnecting design and the traditional one has also 
been depicted in Figure 3.21. 
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3.8 RWW Operation in the Presence of Keepered 
Media 
3.8.1 Background to Keepered Media 
A soft-magnetic top keeper layer adjacent to the hard-magnetic storage layer can 
profoundly affect the recorded magnetic transitions in the media. The keeper layer 
reduces the demagnetization of the magnetic transition and hence the t ransition 
length, trims media noise, smoothes zigzag transitions, and significantly reduces the 
effects of finite head-pole width on the output. Magnetic Force Microscopy (MFM) 
imagings of the recorded tracks confirm that the track width associated with keep-
ered media is not only narrowed by 5-10% than the tracks on unkeepered media, but 
that there also are up to half as many erase bands on t he sides of the written tracks. 
Smoother transitions imply a quieter medium, while narrower tracks and fewer erase 
bands make it easier to increase track density[23][24]. As a result, keepering not only 
boosts recording densities, but has the potential to stabilize recorded data against 
thermal demagnetization. In a typical perpendicular magnetic recording system, a 
soft-magnetic underlayer is used to enhance the read sensitivity. An improved per-
pendicular media design with both top and bottom soft-magnetic keepered layers 
is discussed here. The top soft-magnetic keeper layer will further stabilize recorded 
data against thermal demagnetization and improve read characteristics. 
The key technique in designing a keepered media system is how to "open" the 
keepered layer. In other words, the keepered media system requires a small bias field 
during read operations. Work to elate has been done with thin-film and metal-in-gap 
inductive heads together with keepered longitudinal media since it is relatively eas-
ier to produce a head-bias field by a ring head structure. In this section, we would 
propose a new concept of keepered-media reproduction with Dual MR heads and 
then discuss the corresponding requirements for RWW operation[32][30] . To sim-
plify the problem, we will confine ourselves in this section to the separator RWW 
head design. It is believed that keepered media may offer a similar advantage with 
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Figure 3.22: Media cross-section and flux path for a basic keepered-
longit udinal(perpendicular)-medium reproduction with a Dual MR head . A soft-
magnetic keeper film is deposited on top of the med ium layer and below the lubri-
cating overcoat. During a write operation, flux from the recording head saturates 
the keeper above the medium region. Th~ keeper layer could be biased by the stray 
flux from dual MR sensors during a read operation. 
MR heads due to t he high performance gains of MR heads. 
3.8.2 Reproductive Principle 
The principle of keepered-media reproduction with Dual MR heads is illustrated 
in Figure 3.22. The medium cross-section and t he flux path for basic keepered-
longitudinal(perpendicular)-medium reproduction with a Dual MR head are shown. 
A soft-magnetic top keeper film is deposited on the medium layer and below t he 
lubricating overcoat . During a write operation, flux from a recording head[47](not 
shown in the figure) saturates the keeper above the medium region. The keeper layer 
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could be biased by the stray flux from dual MR sensors during a read operation. 
The aim of a replay process simulation is to verify the feasibility of keepered-
medium reproduction with DMR heads. After obtaining the volume integral (i.e. ef-
fective signal) of the DMR sensor in the presence of a typical perpendicular medium, 
we can compare the magnitude difference between the releasing (or reproductive) 
case and the shunting case. In other words, we should give the proportion of the 
unexpected signal without a sense current flowing within the effective reproductive 
signal with a sense current flowing. In order to simplify the problem, only a two-bit 
perpendicular medium right underneath the read gap was simulated . The left bit is 
magnetized in the down direction and the right bit magnetized in the up direction. 
The trackwidth of the two-bit medium is 60 J.Lm; the bit length is 0.2 J.Lm with no 
t ransition length; the thickness of the medium is 0.07 J.Lm; t he head-medium spacing 
is 0.012 J.Lm ; the coercivity of the perpendicular recording medium is 900 Oe; the 
keeper layer thickness is nominally 200 A, with a coercivity of 15 Oe and a saturation 
magnetization of about 0.6 Tesla; the thickness of the keeper /record layer separation 
is 25 A; the thickness of the C+ lubricating layer is 25 A. The DMR head structure 
and dimensions used in the replay simulation are listed below: the shield material is 
chosen to be a FeN based soft magnetic film with a saturation magnetization of 1.9 
Tesla and an initial permeability of 6000; two parallel soft magnetic stripes in gap 
configuration have been used ; both these stripes are assumed to be NiFe material 
for the two MR sensors; the MR track width is 22.9 J..Lm; the MR stripe depth is 2.5 
J.Lm; the MR stripe thickness is 500 A; the thicknesses of the dielectric layers are 
1000 A, 500 A and 1000 A, respectively; the stripe-stripe separation, 500 A, governs 
the linear resolution of the readback processes. 
In 2 terminal DMR heads, sense current of the same magnitude and direction is 
sent through both elements producing opposing bias fields in each sensor. The stray 
field d istribution of the DMR in the presence of a top keeper layer (without a record-
ing layer) at a selected sense current I = 10 mA in the mid-width cut plane (z=O) 
is shown in Figure 3.23. T he field distribution is significantly up-down asymmetric 
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Figure 3.23: The stray flux density distribution of the DMR in the presence of a 
top keeper layer (without recording layer) at a selected sense current I = 10 mA. 
Sense current of the same magnitude and direction is sent through both elements 
producing opposing semi-saturated state in each sensor. The resulting bias field in 
front of the stripe-stripe-gap saturates a small region of the keeper layer underneath 
the gap. 
due to t he existence of the keeper layer. A strong field has been produced in front 
of the ring-head-like stripe-stripe gap. This figure also illustrates the magnetization 
depth distribution around the read gap region. In particular, from the figure, the 
resulting bias field in front of the stripe-stripe gap saturates a small region of the 
keeper layer. In a simple word, a , window, has been opened in the keeper layer. In 
contrast, the two MR stripes are only semi-saturated , i.e. 45° biased, just sui table 
for signal reproduction. 
Figure 3.24 shows a computed three dimensional flux distribution of the recorded 
bits in the mid-width cut plane (z= O), with the replay DMR head with an optimum 
sense current I = 10 mA at the top of the medium. T he direction of each arrow 
corresponds to the direction of the flux density and its thickness to the flux density 
magnitude. From the figure, it is found that the small saturated region in t he top 
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keeper layer, which is created by the resulting bias field in front of the stripe-stripe-
gap, cuts off the return path of the medium transition flux through the top keepered 
layer due to the low permeability of the saturated region. The medium transition 
flux is therefore forcibly released from the shunting in the keeper layer, which allows 
flux transitions to be picked up by the reproductive DMR head. For this reason, 
Figure 3.24 shows a " releasing state". The leakage flux from the medium goes up-
ward in the right stripe and returns downward in the left stripe. Obviously the 
anti-symmetrically-distributed flux density components will cause a signal output 
(not peak value at this location) for 2 stripes shorted at both ends in the DMR 
head. The calculated maximum DMR output is 0.5298 T·J.Lm3. 
In contrast, we also computed the three dimensional flux distribution in the 
shunting state, without sense current flowing through the MR stripes. As shown 
in F igure 3.25, the flux distribution from the perpendicular recording layer is well 
restrained beneath the top keeper layer and above the bottom keeper layer (under-
layer). In a similarly simple word, the "window" has been closed in the keeper layer. 
Almost no stray flux from the medium enters the MR stripes to be picked up by the 
reproductive DMR head. In this case, only 0.0251 T·J.Lm3 is caused in the maximum 
output of the DMR head. T his value is fictitious because an MR sensor cannot work 
without sense current flowing through the stripes. 
In order to evaluate fairly the proportion of the contributions to t he MR output 
between the shunting case and the releasing case, we define a Shunting-Releasing 
Ratio (SRR) as below: 
S Signal without sense current (dB) RR = 20 log_.,.. __ ---. ------Stgnal wtth sense current (3.9) 
In our investigation, the signal with a sense current (releasing case) is 0.5298 
T·J.Lm3 / 0.0251 T·J.Lm3 = 21.11 times as large as the signal without a sense current 
(shunting case), so the SRR is- 26.5 dB. Therefore the designed top keepered layer 
plays a reasonable role in shunting and releasing the medium transition flux. 
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Figure 3.24: Releasing state. Flux distribution of the recorded bits (not including 
the contribution from the MR sense currents) in the mid-width cut plane (z=O), 
with the replay DMR head with an optimum sense current I = 10 mA at the top 
of the medium, is shown. The small saturated region in the top keepered layer, 
which is created by the resulting bias field in front of the stripe-stripe-gap, cuts off 
the return path of the medium transition flux through the top keepered layer due to 
saturated region's low permeability. The medium transition flux is therefore forcibly 
released from the shunting in the top keeper layer, which allows flux transitions to 
be picked up by the reproductive DMR head. 
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Figure 3.25: Shunting state. Flux distribut ion of the recorded bits in the mid-width 
cut plane (z=O), with the replay DMR head without any sense current is shown. T he 
flux distribution from t he perpendicular recording layer is well restrained beneath 
the top keeper layer and above the bottom keeper layer(underlayer) . 
3.8.3 Crossfeed Analysis 
In the RWW operation, the shields, including the bottom pole of t he write head, 
serve mainly to transport part of the flux from the write head back to the writing 
coil, as mentioned above. When an AC magnetic field penetrates a sheet of con-
ductive keeper, circulating currents are induced inside the sheet because the field 
changes its value and direction all the time. If the AC field varies fast enough (higher 
frequency) , then the induced fields may completely oppose the outside field. 
F igure 3.26 and Figure 3.27 give the details of the crossfeed field distribut ion. 
From the write field distribution around the write gap in the presence of a keepered 
medium(Figure 3.26) , the write field is seen to be so strong that it saturates both 
the top and bottom keepers completely. However, the keepers underneath the write 
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head still contribute to the crossfeed suppression owing to the existence of in-plane 
eddy currents. In comparison, the keeper underneath the read gap represents a 
natural shielding against the crossfeed field from the crossfeed situation around the 
read gap region of Figure 3.27. Furthermore, Figure 3.28 gives the eddy current 
distribution in the conductive keeper due to the penetrating stray flux through the 
keeper under a 5 MHz eo-sinusoidal write current at time= 0. In Figure 3.28, two 
in-plane eddy current loops may be seen: the small loop, located underneath the 
top pole, is induced by the oncoming flux from the top pole; the big loop, located 
underneath the bottom pole, shield 1, MRl, MR2 and shield 2, is induced by the 
returning flux. Approximately, the bottom pole, shield 1, MR1, MR2 and shield 2 
as a whole provides a returning path of the write flux, gushing from the top pole. 
These two loops are countercurrent to each other at any time and thus there is an 
enhancement of the eddy currents underneath the write gap. The corresponding 
schematic is illustrated in Figure 3.29. Obviously both loops may retard the pene-
trating write flux to interfere with the MR stripes, i.e. the conductive keeper plays 
a positive role of "shielding". In this regard, the crossfeed situation is considerably 
improved when magnetic conductive keepers are used. 
In order to evaluate shielding efficiency we give the crossfeed responses (the vol-
ume integral of the vertical component of magnetic flux in the MR stripes) in the 
cases without and with a keepered medium. In the case of without a keepered 
medium, the crossfeed response is 0.0145 T).tm3 . In the case of with a keepered 
medium, the crossfeed response is 0.0129 T·J.Lm3 . There is an 11 %reduction with 
the aid of a keeper layer. Most importantly, the principle of using a dual MR head 
to suppress the crossfeed field also applies to keepered media reproduction. 
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Figure 3.28: Eddy current distribution m the keeper layer under a 5 MHz eo-
sinusoidal write current at time = 0. 
Magnetic 
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Figure 3.29: Schematic of eddy current in a conductive keeper due to the penetrating 
stray flux t hrough the keeper layer. 
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3.8.4 Summary of RWW in the Presence of a Keepered 
Medium 
In this section, we proposed a new concept of keepered-media-reproduction with 
Dual MR heads. As a result, the keeper layer could be biased by the stray flux from 
DMR sensors. A so-called "shunting-releasing ratio" between reproductive signals 
without and with a sense current is found to be -26.5 dB. This double-keepered 
perpendicular medium is a completely-stable system against thermal demagnetiza-
tion. It is believed that keepered media may offer an advantage with MR heads and 
potentially allow magnetics to break the over 10 Gb/in2 area) density barrier due to 
the high performance gains of MR heads. 
The crossfeed situation is considerably improved in the presence of keepered 
medium since the conductive keeper plays a positive role of "shielding". There is 
an 11 % reduction with the aid of a keeper layer. Most importantly, the principle 
of using a dual MR head to suppress the crossfeed field also applies to a keepered 
medium magnetic recording system. 
In addition, the principle stated here is also applicable to longitudinal media sys-
tems although only a perpendicular medium has been included in this investigation. 
3.9 Summary 
A growing number of magnetic recording equipment manufacturers employ thin-film 
technology to fabricate magnetic recording heads. There are many advantages to 
this approach, with perhaps the most important being the ability to produce ex-
tremely narrow pole tips and recording gap widths in the thin-film process. These 
narrow pole tips, in turn, permit the density of magnetic recording to be increased. 
Currently, the high frequency response is required with increasing linear density and 
data transfer rates. That is to say, in order to realize high data transfer rates, high 
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frequency write/read performance together with high movement velocity of medium 
and high recording density is necessary. For this reason, the effects of eddy currents 
in the conductive head yokes must be included. The availability of digital comput-
ers makes possible the numerical solution of the sinusoidally varying fields for heads 
with finite conductivity. 
The ELEKTRA-3D Vector Fields Electromagnetics Analysis Package is used to 
compute electromagnetic fields including the effects of eddy currents, in three dimen-
sions. ELEKTRA can use a combination of vector and scalar magnetic potentials to 
model time varying electromagnetic fields. The ELEKTRA analysis confirms that 
the work to suppress the crossfeed field involves both a novel reproductive mode, 
stated mainly in Chapter 2, playing the key role in suppressing the crossfeed, and 
several other compensating schemes, stated mainly in this chapter, giving further 
suppressiOn. 
The thrust of this chapter is to find a practical solution for the suppression 
of crossfeed field under Read-While-Write (RWW) operation at high working fre-
quency. In summary: 
1. It is advantageous to use magnetic materials with a low conductivity to prevent 
eddy currents. The corresponding crossfeed reduction is 7% in the SAL case and 8% 
in the DMR case when Fe-Al-0 is used compared with conventional FeN material 
at a working frequency of 5MHz. 
2. It is advantageous to cut a slot through the metallic magnetic pole and shields 
to retard the in-plane eddy currents. The corresponding crossfeed reduction is 3% 
in the SAL case and 5% in the DMR case compared with the conventional case at 
a working frequency of 5MHz. 
3. An improved shield-wing-interconnecting design can reduce the crossfeed field 
by a factor of 4% in the SAL case and 5% in the DMR case compared with that 
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of a traditional parallel-shield design. The eddy currents around the constituted 
conductive loop produce a counteracting field to block the penetrating flux. 
4. Keepered media is a potential technique with smoother transition, quieter re-
play and anti-thermal stability. Here we propose a new concept of keepered-media-
reproduction with Dual MR heads. Most interestingly, the principle of using dual 
MR stripe to suppress the crossfeed field harmonizes the keepered media reproduc-
tion with DMR heads. The conductive keeper plays a positive role in suppressing 
crossfeed field. There is an 11% reduction with the use of a conductive keeper layer. 
In principle, the above measures can be combined to get further suppression of 
crossfeed field. For example, combining measures 2 and 3 gives around 10% reduc-
tion of crossfeed field. Whichever measure 1 through 3 is used, a further automatic 
11% improvement can be expected in the presence of a keepered medium. 
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Chapter 4 
Experimental Assessment of Heads 
4.1 Introduction 
This chapter assesses the main contributors to crossfeed by making measurements 
on current and improved heads. The primary components can (usually) be sepa-
rated out into electrostatic and electromagnetic crossfeed. Electrostatic crossfeed 
is important because it can lead to large transients in the feedthrough waveform. 
It is usually reduced by grounding the metallic parts of the head or introducing 
grounded planes in key positions. Inter-lead coupling is also a source of electrostatic 
crossfeed[48]. Electromagnetic crossfeed usually has a different waveform and is sup-
pressed using different techniques. In this work, we have succeeded in designing and 
developing an experimental apparatus for crossfeed and other measurements. The 
most relevant constraint in this project has been the availability of heads. Three 
different heads were used for crossfeed measurements: TR5 heads for basic crossfeed 
measurements, DSMR heads for comparison between single MR and DMR heads, 
and DCC multi-channel heads for multi-track crossfeed measurements. The mea-
surement results have also been compared with the corresponding simulation results 
of the previous chapters. 
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4.2 Experimental Apparatus 
4.2 
An experimental apparatus for the assessment of heads has been designed and 
fabricated(27]. The photograph in Figure 4.1 shows the computer-controlled sys-
tem. The PC is used to control the stage motion through its interface RS232 as well 
as to acquire MR voltage through 8255(49](50]. To allow enough up-down room and 
manipulate the heads freely to yaw, pitch and roll, the heads were mounted on a 
holder with four degrees of freedom, as shown in Figure 4.2. A sample (either a hard 
disk platter or a magnetic tape coupon) is mounted on the center of a small stage 
with the aid of the four screws. This small stage is a one-body two-axial parallel-
spring parallelogram, shown in Figure 4.2. The overall size of the stage is 105mm x 
95 mm x lOmm(thickness). The stage is shaped by spark erosion. As can be seen 
in Figure 4.2, an "L" shaped peripheral supporting part with three screw holes is 
used as the basis of the whole stage. Two "parallelograms" in a body, one of which 
has 4 hinges, have been integrated into this stage. The sample-containing small 
parallelogram, responsible for y-axial movement, is inserted inside the large one for 
x-axial movement. A two-dimensional random-access of the sample is performed 
by inclining these two parallelograms with the aid of two multi-layer piezoelectric 
ceramic actuators(51]. 
The parallel-spring stage is mounted on a coarse stage, driven by two linear 
motors. The combined fine-positioning parallel-spring stage and coarse-positioning 
stage constitutes a two-stage positioning system. It can reach a centimeter order 
random-access range with nanometer resolution(27]. The slider is in physical contact 
with the sample. The velocity-independent-sensitivity of MR sensors make it pos-
sible to evaluate recording media and the MR head itself without causing thermal 
noise due to friction at room temperature(33]. 
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Figure 4.1: A computer-controlled experimental apparatus for the assessment of 
heads. IBM PC-386 computer (right) , two-stage positioning system (centre), 
MR/inductive head with its holder (up centre), circuits for write amplifiers and read 
amplifiers (lower centre) , voltage booster for piezoelectric actuators (left, black) , lin-
ear motor controller (left, white, underneath booster), power supply (far left, white) 
and signal generator (far left, above supply). 
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Figure 4.2: Magnified photograph near the heads. 
4.3 Experimental Assessments 
With the aid of the above developed system, measurements with MR/inductive 
heads have been done. The schematic illustration is shown in Figure 4.3. In the 
crossfeed measurements, the head assembly was put far away from the medium. 
When a squarely-varying or sinusoidally-varying recording current is flowing through 
t he write coil , just as in the case of recording, we can observe the reproductive wave-
form from the MR sensor on the oscilloscope. Part of the crossfeed measurement 
system is shown in Figure 4.4. \Ve can confirm if it is the crossfeed waveform from 
the write field by both frequency comparison and amplitude dependence on sense 
current. 
The most relevant constraint in this project was the availability of heads. Three 
different heads were used for crossfeed measurements: TR5 heads (Read-Rite) , 
DSMR heads (Read-Rite) and DCC multi-channel heads (Philips). Figure 4.5 shows 
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Figure 4.3: Schematic of experimental apparatus for measuring crossfeed on an 
MR/inductive head. 
Figure 4.4: Part of the crossfeed measurement system. 
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+12 V 
Figure 4.5: Part of analog and digital playback circuitry-sense current (analog and 
digital channels) and DC bias current (digital MR channels). 
the sense current which is required for MR sensors. 
4.3.1 Read-Rite TR5 Heads 
TR5 is a new generation of t hin-film MR tape head products (Figure 4.6). The 
shields and pole materials have been changed from NiFe (TR4) to allow the head 
to write the higher coercivity (1650 Oe) metal particle media. While TR5 remains 
a single channel architecture, it is expected t hat future generations will be mult i-
channel archi tectures with 4-8 parallel channels, to maximize the transfer rate while 
maintaining reasonable tape speeds, with channel-to-channel separation of 5-7 mils 
(1 mil = 1/ 1000 inch = 25.4 J.Lm) . Read track widths are expected to be 0.5 mils 
(1 mil = 25.4 J.Lm). Mult i-channel heads will have all the same feedthrough sources 
as the single channel versions of today but additionally will have channel-to-channel 
coupling. Figure 4. 7 shows the arrangement of the poles and shields for a single 
chan nel head. The MR is a SAL biased design, Barkhausen noise is controlled 
through shape anisotropy. Most of the parameters of TR5 have been already used 
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Figure 4.6: A new generation thin-film MR tape head product TR5 provided by 
Read-Rite. 
in our computer models. The MR playback channel is 22.9 J.Lm wide, the record 
channel is 61 J.Lm wide. The wri te gap length is 1.2 J.Lm and the read gap length is 
0.35 J.Lm . T he record channel is 15 turns. 
F irst, we will prove the existence of the inductive coupling between write-read 
windings, as ment ioned in Chapter 1. Flowing a 40 mAo-p squarely-varying record-
ing current (opt imum recording current) through the wri te coil of the write head, 
we observed the reproducing waveform, as shown in Figure 4.8, from the MR sensor 
without any sense current. Sharp pulses appeared at the leading edges and trail-
ing edges of the reproductive waveform because of the inductive coupling between 
wri te-read windings. With regard to the capacitive coupling from the writing to 
the reading bumps, which should be proport ional to the writing voltage, there is 
no observation at the reading terminals in our measurements. In principle, it may 
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Figure 4. 7: Arrangement of the poles and shields for the single channel head TR5. 
be reduced to an a ltogether negligible quantity by earthing one of the electrically 
conducting layers of t he screen . 
Figure 4.9 to Figure 4.12 show the reproducing waveforms at different frequencies 
from t he MR sensor, where a squarely-varying (this is t he case of digital magnetic 
recording) recording current of 40 mAo- p (optimum recording current) was flowing 
through the write coil of t he write head and a sense current of 10 mA through the 
MR sensor. The crossfeed responses are 160 mY p-p (after an amplifier) at 36.4 kHz, 
176 mVp-p at 364kHz, 120 mVp- p at 3.64 MHz and 0 mY at 36.4 MHz. Figure 
4.13 summarizes this frequency response. This humped curve reveals a clear depen-
dence of crossfeed response on frequency. In the range of frequency ::::; 364 kHz, the 
response rises as the frequency increases, while in t he range of frequency ~ 364 kHz, 
the response drops as the frequency increases and eventually declines to zero. The 
frequency response indicates the significant effect of the eddy current loss. Due to 
the high conductivity, the flux penetrating through the shield induces an in-plane 
eddy current t hat in turn produces a counteracting field to block the penetrating 
flux through the shield. This causes t he crossfeed fields to forcibly interfere wit h the 
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Figure 4.8: The reproducing waveform of TR5 (the lower) without any sense current 
through MR against a squarely-varying excitation (the higher) in the write coil at 
frequency of 36.4 kHz. The vertical scale is 50 m V/ div and the horizontal scale is 
10 J-Ls/div. 
Figure 4.9: The reproducing waveform of TR5 (the lower) with a 10 mA sense 
current through MR against a squarely-varying excitation (the higher) in the write 
coil at frequency of 36.4 kHz. The vertical scale is 400 m V /d iv and the horizontal 
scale is 10 J-LS/ div. 
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Figure 4.10: The reproducing waveform of TR5 (the lower) with a 10 mA sense 
current through MR against a squarely-varying excitation (the higher) in the write 
coil at frequency of 364 kHz. T he vertical scale is 400 m V/ div and the horizontal 
scale is 1 J.LS/div. 
- - -
Figure 4.11: The reproducing waveform of TR5 (the lower) with a 10 mA sense 
current through MR against a squarely-varying excitation (the higher) in the write 
coil at frequency of 3.64 MHz. The vertical scale is 400 m V /div and the horizontal 
scale is 0.1 J.Ls/div. 
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MR element behind the shield resulting in increased crossfeed response. However, 
as the frequency increases further, the write field intensity decreases drastically due 
to the eddy current loss in the pole thickness direction and eventually no write field 
will be sensed. 
TR5 heads have also been used with tapes to estimate the replay performance 
that is possible with respect to TDK Co-1 Fe20 3 900 Oe coercivity tape. Sense 
current is set to 10 mA in t he application circuit. The optimum bias current may 
be changed by the magnetization of the poles. Here, the opt imum bias current was 
defined as that which produced minimum distortion in the MR response. Figure 
4.14 shows the reproducing waveform in the MR sensor against a TDK magnetic 
tape coupon, pre-recorded by a 9.6 kHz sinusoidally-varying recording field. Figure 
4.15 shows the reproducing waveform against a TDK magnetic tape coupon, pre-
recorded by a 9.6 kHz squarely-varying recording field . The replay amplitudes of 
the head are 560 m V p-p (after the same amplifier) in the case of sine-wave and 700 
m V p - p in the case of square-wave. 
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Figure 4.14: The reproducing waveform of TR5 against a TDK magnetic tape 
coupon , pre-recorded by a 9.6 kHz sinusoidally-varying recording fie ld . The ver-
tical scale is 200 m V /div and the horizontal scale is 1 ms/div. 
F igure 4.15: T he reproducing waveform of TR5 against a T DK magnetic tape 
coupon, pre-recorded by a 9.6 kHz squarely-varying recording field. T he vert ical 
scale is 500 m V /div and the horizontal scale is 1 ms/div. 
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Figure 4.16: A Dual-Stripe Magnetoresistive (DSMR) head stack, provided by Read-
Rite, were originally designed for hard disk drives. 
4.3.2 Read-Rite DSMR Heads 
Measurements with Dual-Stripe Magnetoresistive (DSMR) heads (Figure 4.16), 
provided by Read-Rite, were done. The magnetization configuration of 2-terminal 
DMR, ment ioned in Section 2.2, is the same as 4-terminal DSMR, mentioned in 
Section 1.4 , but their electrical connections are different. Based on this fact , by 
re-connecting the terminals of DSMR in a different way, we can get a single MR 
head sample (biased by the sense current passing through the opposite " dummy" 
stripe) and a DMR head sample, respectively. 
As shown in Figure 4.17 and Figure 4.18, we observed the reproducing wave-
forms ( crossfeed response) from the MR sensors at sense currents of 12 mA on the 
oscilloscope when a squarely-varying recording current of 50 mAo- p (This is opti-
mum recording current, but 70 mAo- p is still safe.) was flowing through the write 
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Figure 4.17: The reproducing waveform (the lower) with a 12 mA sense current 
through the single MR against a squarely-varying excitation (t he higher) in the 
write coil. The vertical scale is 2.00 V /div and the horizontal scale is 0.1 ms/div . 
Figure 4.18: The reproducing waveform (the lower) with a 12 mA sense current 
through the DMR against a squarely-varying excitation (the higher) in the write 
coil. 
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coil of the write head. During the measurement, the head assembly was put far 
away from the medium to measure noise interference occuring between the write 
and read elements. The MR playback channel is 2.9 J-Lm wide, the record channels 
is 3.6 J-Lm wide. The write gap length is 0.35 J-Lm and the read gap length is 0.28 
J-Lm. The gap-center separation is 2.32 J-Lm. The record channel is 9 turns. We con-
firmed the crossfeed waveform from the write field by both frequency comparison 
and amplitude dependence on sense current. In the case of single MR (Figure 4.17) , 
the crossfeed response is 6.8 Vp-p (after an amplifier); in the case of DMR (Figure 
4.18), the crossfeed response is 0.8 Vp-p (after the same amplifi er). It is clear that 
the DMR head receives much less crossfeed noise from the recording coil than the 
MR sensor. 
4.3.3 Philips DCC Heads 
In this part, we will carry out multi-track crossfeed measurements with Philips Dig-
ita l Compact Ca-Ssette (DCC) magnetic tape heads (Figure 4.19). Digital recording 
and playback is achieved using 9 integrated recording (IR) channels and 9 magneto-
resistive (MR) channels respectively, which serve 9 parallel digital tracks on tape. 
T he layout of the different channels contained in the head is shown in F igure 4.20. 
T he 9 digital playback channels are each 70 J-Lm wide (with a pitch of 195 J-Lm), the 
9 digital record channels are each 185 J-Lm wide (the pitch is 195 J-Lm). Note that the 
DCC multi-track head has a very wide trackwidth and track pitch but at this stage 
it is the only head available to us. The record channel is a single turn , as shown in 
Figure 4.21, single coil device which differs in technology but not in principle from 
conventional record heads. Figure 4.21 shows how a thin film electrical conductor 
carrying a write current is enclosed by a magnetic loop formed by the magnetic flux 
guides. The magnetic field a-Ssociated with the write current is picked up by the flux 
guides and transported to the tape. Starting from the tape track indicated in the 
figure, t he magnetic flux is transported across the MR element via magnetic flux 
guide layers. \.Yith the aid of the barberpole, the output characteristic of the MR 
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Figure 4.19: Philips Digital Compact Cassette (DCC) magnetic tape head , which 
serve 9 parallel digital t racks on tape. 
element is linear (otherwise parabolic). Multi track recording is easily achieved by 
repeating this thin film structure in the head . 
In the crossfeed measurement, the head assembly was put far away from the 
medium to measure noise interference occuring between the write and read elements. 
When a sine-wave recording current of 165 mAo-p (optimum recording current) was 
flowing through the write coil of write head No.3 in the middle, we observed the 
reproducing waveform ( crossfeed response) from MR sensor No.3 at a sense current 
of 10 mA on the oscilloscope, as shown in Figure 4.22. Vve confirmed t he crossfeed 
waveform from the write field by both frequency comparison and amplitude depen-
dence on sense current. The reproducing waveforms from MR sensors No.2 and No.4 
are also pictured in Figure 4.22. Almost null signal can be seen on t he screen. T his 
is a design feature so that there would be fairly minimal inter-track crossfeed when 
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Figure 4.20: The Philips DCC head has a track pitch of 195 J.Lm (130 tpi). The read 
elements are much smaller than the track pitch at 70 J.Lm. 
Single turn 
write coil 
Magnetic 
_____- flux guides 
._________ MR element 
+ barberpole 
Q Tape direction 
Figure 4.21: Schematic configuration of record and playback channels in the DCC 
head. Starting from the tape track indicated in the figure, the magnetic flux is 
transported across the MR element via magnetic flux guide layers. Vlith the aid 
of the barberpole, the output characteristic of the MR element is linear (otherwise 
parabolic). 
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Figure 4. .22: The crossfeed responses of the DCC head in MR sensor No.2, 3 and 4, 
respectively, against a squarely-varying excitation in write head No.3. The vertical 
scale is 50 m V /div and the horizontal scale is 1 ms/div. 
used for digital tape recording. 
4.4 Summary 
T his chapter assessed the scale of the crossfeed problem by making measurements on 
current and improved heads, thereby assessing the main cont ributors to crossfeed. 
For this purpose, we designed and developed an experimental apparatus for cross-
feed and other measurements(5)[33)[27] . The most relevant constraint in this project 
was the availability of heads. Three different types of head were used for crossfeed 
measurements: T R5 heads for general crossfeed measurements, DSMR heads for 
comparison between single MR and DMR heads, and DCC heads for multi-track 
crossfeed measurements. In summary: 
1. Electromagnetic coupling is important because it can lead to large transients in 
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the feedthrough waveform. Sharp pulses in the leading edges and t railing edges of 
the reproductive waveform have been confirmed, because of the inductive coupling 
between write-read windings. With regard to the capacitive coupling from the writ-
ing to the reading bumps, which should be proportional to the writing voltage, there 
was no observation at the reading terminals in our measurements. In principle, it 
may be reduced to an altogether negligible quantity by earthing one of the electri-
cally conducting layers of the screen. 
2. In the basic crossfeed measurements with TR5, whose configuration is very simi-
lar to our separator design, the peak-to-peak amplitude was found to be 176 m V at 
a sense current of 10 mA against an optimum recording current 40 mAo-v through 
the write coil of the write head. On the other hand, the replay amplitude of this 
head was 700 m V p-p over a longit udinal medium. V·.,Te are now in a suitable po-
sit ion to compare results in a signal-noise-ratio manner. The crossfeed from the 
write head is about 25 % of the effective signal. We can compare t hese experimental 
results with our simulation results. In the simulation of the separator head, the 
SAL effective signal is 0.3285 T·I-Lm3 while t he SAL crossfeed is 0.0966 T ·I-Lm3 . The 
crossfeed-signal ratio is 0.0966 T ·I-Lm3 / 0.3285 T ·I-Lm3 = 29 %. There is reasonably 
good agreement between simulation and experiment. 
3. In the measurements with the DSMR heads, the MR crossfeed response is 6.8 
V p-p while the DMR crossfeed response is just 0.8 V P- P• against the same write 
field. Hence, the DMR head receives much less crossfeed noise from the recording 
coil than the MR sensor. T he best scheme to suppress the crossfeed field from the 
write head in a RvVW tape head is to employ a Dual-MR sensor instead of a tradi-
tional (SAL) MR sensor. 
4. The multi-track crossfeed measurement with DCC tape heads confirms a design 
feature that there would be fairly minimal inter-track crossfeed. 
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Conclusions 
5.1 Summary of This Work 
A Read-While-Write (RWW) operation for tape and/or potentially disk applications 
is needed in the following three cases: 
1. High reliability. For information being recorded and verified continuously, this 
means that the read head and write head are operative simultaneously; 
2. Data servo systems. In t raditional sector servo systems the servo signal is 
intermittent because data sectors and servo sectors are distributed alternately over 
the hard disk surface, thereby yielding a possible misregistration from the t rack 
when the head is passing through data sectors (inertia-dependent track following). 
A revolutionary track following method has been proposed, by which the position 
error signal (PES) of the head can be directly and continuously extracted from data 
sequences[4]. Another new concept of servoing with dual-strip MR (DSMR) heads 
uses the asymmetric microtrack profile of an MR element for estimating the data 
and providing servo information[5] . 
3. Buried servo systems. A buried servo method can obtain a positioning 
signal continuously, in which servo and data share a medium layer by using the thin 
upper layer for data only and deeper layer for servo only. Both t he data and the 
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servo signals are reproduced by an identical MR sensor. 
For such continuous servo systems 2 and 3, these also mean that the read (servo) 
head and write head are in operation simultaneously. Consequently, RWW oper-
ation will require work to suppress the so-called crossfeed field radiation from t he 
write head. 
This research programme has been in three main parts. These relate to magneto-
statics, magnetodynamics and experimental assessment of heads. A brief summary 
of the various components of this programme is now given in the following three 
sections. 
5. 2 Magnetostatics 
A magnetostatic analysis of the head combination was first, a 2D model and then a 
3D model. The TOSCA (Source: Vector Fields Ltd) software was run on a Hewlett 
Packard 9000-715 workstation, as shown in Figure 5. 1. This is arguably the fastest 
and most user-friendly system available for running TOSCA. 
For 2-D modelling, various sections were taken through the head, preferably 
along a plane of symmetry. This allowed a magnetic potential/ flux-Bow distribu-
tion to be produced for any MMF generator specified by some chosen boundary 
conditions. The flux through the MR or Dual Magnetoresistive (DMR) sensor was 
evaluated, leading to knowledge of the corresponding crossfeed field . The position of 
the MMF generator (e.g. writing coil) was varied together with the various critical 
dimensions in the head. 
A variety of thin-film/M-R heads was studied so that new results and theory of 
general applicability might come out of the research, started by studying one basic 
configuration with sufficient flexibility in the design to allow it to be adapted for 
151 
CONCLUSIONS 5.2 
Figure 5.1: The Hewlett Packard 9000-715 workstation. A TOSCA model is on 
screen. 
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various heads and different screening configurations. The following is a summary of 
the research results involving the computer model: 
5.2.1 Writing Coils 
The computer model took account of the effect of coil position in the head structure 
and its relationship to crossfeed. This was done by changing the shape of a single 
turn coil and using superposition to derive the result for a particular winding. The 
computer models were able to replicate real magnetic materials with non-linear and 
saturating characteristics. Two coil shapes were considered here: the commonly-
used planar coil scheme and the improved tubular coil scheme. The primary moti-
vation for the tubular coil scheme is to reduce the crossfeed using the property that 
the interference fields from the positive conductor and from the negative conductor 
will cancel each other because they are so close with respect to the fR sensor in the 
t ubular coil scheme. Unfortunately, simulation results of the tubular coil scheme, 
for these two schemes, show no obvious different field distribution. This is because 
of the presence of magnetic poles with high permeability. In other words, the field 
distribution is mainly determined by the write gap between the write pole and the 
shared pole, not by the location of the current-carrying conductors. Nevertheless, 
the planar coil is easier to manufacture than the tubular coil and so all the investi-
gations were based on the planar coil design . 
5.2.2 Read and Write Gap Separation 
Crossfeed in some cases is critically dependent on head dimensions, especially the 
read gaps (inter-shield spacing), which governs the linear resolution of readback 
processes and behaves just like a high-pass filter. For example, in the buried servo 
system, reading of the long wavelength servo signals by the data read head is enabled 
by the use of yoke-type read heads. Shielded heads have difficulty in detecting the 
servo tracks, since these heads are relatively insensitive to long wavelengths. 
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Read and write gap separation is another important parameter which needs to 
be addressed[28). For efficient use of the available storage space a short separation 
is required. Therefore, both heads must be fabricated on the same substrate. In the 
conventional combined head, t he recording head is stacked on the playback head or 
vice versa. This stacking of heads results in poor mechanical integrity because in-
creasing the number and thickness of layers increases the total stress. Furthermore, 
these stacking processes are very time-consuming and can degrade the properties of 
the MR element. An additional benefi t from tight write-to-read gap spacing is fewer 
off-track errors due to the slope of the tape (and azimuth alignment of the head) 
as it passes over the head. In modern thin-film/MR heads the write and read gaps 
can be very close together and in some cases head parts can be shared so write-read 
crossfeed can be unacceptable when both head functions are used at the same time. 
T he model was constructed with variable gap separation, each with different 
parameters. It is concluded that the (non-magnetic or laminated) separator plays 
a very important role in reducing crossfeed from the write head to the MR sensor. 
Generally the SCR in the separator design (3 J-Lm separator thickness) is 3-8 dB 
higher than that in the shared-pole design. When the gap-center separation was 
more than 15 J.km, the SCR (Signal-Crossfeed-Ratio) increased to larger t han 20 dB. 
In practice, a SNR at this level hardly ever degrades the symbol error rate. 
5.2.3 Screening Schemes 
Different screening schemes were considered[31]. The laminated-separator design, 
e.g., NiFe/Cu multilayer screens, is effective in reducing the crossfeed. As illustrated 
in Chapter 2, the shields serve mainly to transport part of the flux from the write 
head back to the writing coil in the RWW operation. From this standpoint, the 
transporting efficiency is reasonably improved when laminated metallic magnetic 
materials 'rv ith a high packing factor are used. The higher the lamination packing 
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factor, the more efficient the transportation becomes. Shields with a high packing 
factor act more as alternative low-reluctance paths which divert the crossfeed fields 
away from the MR element. Generally the SCR in the laminated-separator design 
is 2-3 dB higher than that in the non-magnetic separator design. 
5.2.4 Other Compensation Schemes 
vVe also considered two other compensation schemes to give further reduction of 
crossfeed from the write head to the MR sensor. These two compensating meth-
ods have been well-used in magnetic tape units in 1960's[14][15]. In t he so-called 
underlayer scheme, a thick soft magnetic underlayer wit h high-permeabili ty placed 
at a certain distance ( 5 J.Lm) behind the tape covers both the write head and the 
read head. It was hypothesized that this underlayer would attract most of the di-
verging flux and allow little write fie ld to reach the MR sensor. In the so-called 
underpole scheme, a whole-plane shielding pole with a hole (5 J.Lm high) to let the 
tape go through is used to screen the diffusing magnetic flux from the reproduc-
t ive element. Unfortunately, the results show no obvious different field distribution 
compared with the original ones. This is because the size of the modern head is 
much smaller than that in the past and we have to put an underlayer or underpole 
relatively far apart from the TBS (Tape Bearing Surface) of the head due to the 
limitation of the tape thickness. Thus, both underlayer and underpole have limited 
use for ant i-interference purposes. 
5.2.5 MR Sensor 
MR sensors have a variety of configurations and the model is sufficiently flexible 
to accommodate more than one design. The height and thickness of the sensor are 
especially important as well as the position between any shields. An asymmetrically 
positioned head in the on-track direction was catered for . It was possible, also, to 
allow for some MR biasing since this was especially important in crossfeed. It was 
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found that a biased film (a SAL) , was a collector of crossfeed signals and transfered 
these to the MR stripe. 
5.2.6 Dual-Magneto-Resistive (DMR) Sensor 
Utilisation of two MR elements in a different ial mode[52]citeHempstead is attractive 
and has led to different head designs: dual MR (DMR)[25][26], gradiometer[54], and 
dual stripe MR (DSMR) [6][12]. The 2-terminal DMR heads are spatially sensitive 
in unshielded format, while shielded DSMR heads can provide twice the output of 
single element structures. In a replay process using a DMR head, as shown in Figure 
5.2, t he leakage flux from the medium goes upward in the left stripe and returns 
downward in the right stripe. It constitutes a closed magnetic circuit. Obviously 
it causes an adequate signal output due to the parallel connection in the DMR head. 
Vve have proposed a new T hin-Film Inductive/ Dual-Stripe-Magneto-Resistive 
tape head design, which is the most preferred approach for achieving simultaneous 
operation of the read head and write tape head. Vve also computed three dimen-
sional field mappings of crossfeed situations in the case of DMR reproduction around 
the read gap region, at a selected applied magnetomotive force 0.60 AT through the 
writing coil, as shown Figure 5.3. The field distribution in the two MR stripes is 
almost the same because these two st ripes are located so close with respect to the 
write gap. Obviously the output signals from these two stripes will cancel each other 
in the DMR case, thus an almost null final output will be caused. Generally, the 
SCR in the DMR designs is 15-18 dB higher than that in the SAL-MR reproductive 
design. 
In summary, the best scheme to suppress the crossfeed field from the write head 
in a RWW tape head is to employ the so-called laminated-separator head configura-
tion and simultaneously employ a Dual-MR sensor instead of a traditional SAL-MR 
sensor. The SCR is 28.6 dB for the head with 3 J-Lm non-magnetic separator or 30.4 
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Figure 5.2: A recorded bit is being picked up by a DMR head. The leakage flux 
from the medium goes upward in the left stripe and returns downward in the right 
stripe. It constitues a closed magnetic circui t . Obviously it causes an adequate 
signal out put due to electrically parallel connection in the DMR head. 
dB for the head with 3 p,m laminated-separator beside the inserted pole (packing 
factor is 0.5) . To reduce t he manufacture cost, the shared-pole DMR configuration, 
whose SCR is 22.6 dB, is also acceptable. 
5.2.7 Track Arrangement 
T his allowed for a relative variation of writing and reading t rack widt hs, for ex-
ample, in a write-wide, read-narrow structure. The 3D compu ter model replicated 
the model and used superposition to study the effect of several heads writing and 
reading simultaneously. In F igure 5.4 there was an XYZ coordinate to posit ion the 
head so that the individual crossfeed signals from different locations could be de-
tected and summed. ·when an MR head is biased, the magnetic vector is placed 
approximately at 45 degrees to the current flow direction. To reduce Barkhausen 
noise a t ransverse field component was sometimes used. The field from the tape 
also has t ransverse components in it, especially if the track is narrow. It is found 
that, the crossfeed noise in DMR decreases much more sharply than t hat in SAL-
MR as the separation increases. For example, the crossfeed noise a t a typical point 
(x= ±4g, z=O) in the DMR design is only 4.5% of that a t the same point in the SAL. 
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Figure 5.3: Resultant crossfeed field suppression by using a Dual MagnetoResistive 
head. Here the contribution from the medium is not included in the magnified flux 
density distribution. 
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Figure 5.4: A multi-track Read-While-Write (RV/W) head. When an MR head is 
biased, the magnetic vector is placed approximately at 45 degrees to the current flow 
direction. To reduce Barkhausen noise a transverse field component is sometimes 
used. The field from the tape also has transverse components in it, especially if 
the track is narrow. For these reasons it is important to consider the cross-track 
direction for crossfeed within a combination head. 
In the case of multitrack heads (Figure 5.4) , the transverse direction is very 
important, with an array of read heads. The gaps are not in the same lines rel-
ative to each other and the angles of the fields change with the track number. 
Also, the end tracks have a different crossfeed response from the tracks in the mid-
dle of the head. The individual crossfeed signals from different locations should 
be considered for a particular gap in the read array. In the SAL-MR case, the 
center-track crossfeed response at (x=±4g,z=O) is 22.1% stronger than the end-
track response at (x=±4g,z=±3g) . In the Dual-MR case, the center-track cross-
feed response at (x=±4g,z= O) is just 3.2% stronger than the end-track response at 
(x= ±4g,z=±3g) [29]. 
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5. 3 Magneto dynamics 
At high frequency, the copper screens are activated by eddy-currents and represent 
increased reluctance (above air) to the crossfeed fields. The permalloy screens act 
more as alternative low-reluctance paths which divert the crossfeed fields away from 
the reading heads. It has been found possible in multitrack heads to adjust eddy-
current and magnetic screens in such a way as to produce near zero crossfeed fields 
in arrays of reading heads when an array of writing heads are simultaneously writ-
ing. It was proposed to explore such ideas within this project bearing in mind that 
the eddy-current shielding imposes a phase-shift on the crossfeed fields at high fre-
quencies. To model crossfeed at high frequency requires calculation of eddy-current 
effects in head components and screens since there are not only amplitude effects but 
also phase effects which need to be considered. For this we used a high-frequency 
simulation software package, ELECTRA, running on a Hewlett Packard 9000-715 
workstation, as shown in Figure 5.1. 
It is concluded that: 
1. It is advantageous to use magnetic materials with a low conductivity to prevent 
eddy currents. The corresponding crossfeed reduction is 7% in the SAL case and 8% 
in the DMR case, when Fe-AI-0 is used compared with conventional FeN material 
at a working frequency of 5MHz. 
2. It is advantageous to cut a slot through the metallic magnetic pole and shields 
to retard the in-plane eddy currents[34]. The corresponding crossfeed reduction is 
3% in the SAL case and 5% in the DMR case, compared with the conventional case 
at a working frequency of 5MHz. 
3. An improved shield-wing-interconnecting design can reduce the crossfeed field by 
a factor of 4% in the the SAL case and 5% in the DMR case, compared with that 
of a traditional parallel-shield design. The eddy currents around the constituted 
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conductive loop produce a counteracting field to block the penetrating flux. 
4. Keepered media is a potential technique with smoother transition, quieter replay 
and anti-thermal stability[32][30]. Here we propose a new concept of keepered-
medium-reproduction with Dual MR heads. Most interestingly, the principle of 
using dual MR stripe to suppress the crossfeed field is in harmony with the keep-
ered media reproduction with DMR heads. The conductive keeper plays a positive 
role in suppressing crossfeed field. There is an automatic 11% reduction with the 
use of a conductive keeper layer. 
In addition, as mentioned in Chapter 1, the early theoretical investigations of the 
crossfeed problem concentrating on the flux line pattern in front of a head structure 
based on a simplified model, may not be comprehensive. In this thesis, in order to 
find a satisfactory practical solution to achieve the RWW operation, we have built 
an overall head configuration model, including as many contributors to crossfeed as 
possible. The primary beneficiary of this comprehensive model is the idea of cutting 
a slot through the metallic magnetic pole and shields to retard the in-plane eddy 
currents. The geometric location of this slot is so far away from the TBS that this 
solution would not be found by a simplified model concentrating on the flux line 
pattern in front of a head structure. 
5.4 Experimental Assessment of Heads 
The last step was to assess experimentally the scale of the crossfeed problem by 
making measurements on current and improved heads, thereby assessing the main 
contributors to crossfeed. The primary components can (usually) be separated out 
into electrostatic and electromagnetic crossfeed. Electrostatic crossfeed is important 
because it can lead to large transients in the feedthrough waveform. It is usually 
reduced by grounding the metallic parts of the head or introducing grounded planes 
in key positions. Inter-lead coupling is also a source of electrostatic crossfeed[48]. 
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Electromagnetic crossfeed usually has a different waveform and is suppressed using 
different techniques. 
The most relevant constraint in this project was the availability of heads. Three 
different heads were used for crossfeed measurements: TR5 heads for basic cross-
feed measurements, DSMR(Dual Stripe Magneto-Resistive) heads for comparison 
between single MR and DMR heads, and DCC heads for multi-track crossfeed mea-
surements. It is concluded that: 
1. Electromagnetic coupling is important because it can lead to large transients in 
the feedthrough waveform. Sharp pulses in the leading edges and trailing edges of 
the reproductive waveform have been confirmed, because of the inductive coupling 
between write-read windings. With regard to the capacitive coupling from the writ-
ing to the reading bumps, which should be proportional to the writing voltage, there 
was no observation at the reading terminals in our measurements. In principle, it 
may be reduced to an altogether negligible quantity by earthing one of the electri-
cally conducting layers of the screen. 
2. In the basic crossfeed measurements with TR5, whose configuration is very simi-
lar to our separator design, the peak-to-peak amplitude was found to be 176 m V at 
a sense current of 10 mA against an optimum recording current 40 mAo-p through 
the write coil of the write head. On the other hand, the replay amplitude of this 
head was 700 mVp-p over a longitudinal medium. Therefore, the crossfeed from the 
write head is about 25 %of the effective signal. We can compare these experimental 
results with our simulation results. In the simulation of the (non-magnetic) sepa-
rator head with 3 {Lm separator thickness, the SAL effective signal is 0.3285 T·fLm3 
while the SAL crossfeed is 0.0966 T·fLm3 . The crossfeed-signal ratio is 0.0966 T·fLm3 
/ 0.3285 T·fLm3 = 29 %. There is reasonably good agreement between simulation 
and experiment. 
3. In the measurements with the DSMR/indexDSMR (Dual Stripe Magneto-Resistive) 
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heads, the MR crossfeed response is 6.8 Yp-p while the DMR crossfeed response is 
just 0.8 V P-P• against the same write field. Hence, the DMR head receives much less 
crossfeed noise from the recording coil than the MR sensor. The preferred scheme 
to suppress the crossfeed field from the write head in a tape head is to employ a 
Dual- MR sensor instead of a traditional (SAL) MR sensor. 
4. The multi-track crossfeed measurement with DCC heads confirms a design fea-
ture that there would be fairly minimal inter-track crossfeed when used for digital 
tape recording. 
5.5 Scientific/Technological Relevance 
The relevance of this work to the computer industry is clear for achieving simul-
taneous operation of the read head and write head. The primary beneficiaries of 
this research are manufacturers of tape back-up systems for computers and data 
recorders which need to operate at high data rates with verification. To a lesser 
extent, the beneficiaries will include manufacturers of tape heads. Computer man-
ufacturers will also benefit. More generally, all manufacturers of high-performance 
data storage systems could benefit, especially those using thin-film tape heads. This 
is because computer data rates must increase to meet the demands of storing more 
and more information in less time as computer graphics packages become more so-
phisticated. Present systems can operate at much higher data rates if the read head 
and write head are in operation at the same time. This is especially true of tape 
units where it is necessary to verify the written information on a tape by readingit 
with a read head a short time later. 
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5.6 Future Work 
The work in this thesis is limited to head structure optimization. However, from 
the viewpoint of signal processing, the crossfeed field from a magnetic recording 
head field is a specific kind of noise. In other words, it is not a random noise, 
compared with other noise, because it is determined by what was written on the 
tape. Therefore, there exists one possibility to reduce the crossfeed field from the 
effective signal by designing a new demodulation circuit, in which a "pick-up coil" 
in the write head side would be used to sense the recorded data for comparison 
purposes and then this picked signal would be feedback to the reading terminals to 
remove away the excessive part of the crossfeed. So a high Signal-to-Crossfeed-Ratio 
(SCR) may not be required for signal processing, while with real noise at least 20 dB 
Signal-to-Noise-Ratio (SNR) is required. In practice, a SNR at this level hardly ever 
degrades the symbol error rate. Normally, a high SCR design results in high head 
manufacturing cost due to the complicated structure. It should be possible for head 
designers to divert some of the difficulties of crossfeed reduction to signal processing, 
but in order to solve the crossfeed problems satisfactorily in practical applications, 
a good balance between head design and signal processing will be needed, but this 
is beyond the scope of this thesis. 
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Cross feed Problems in Read-While-Write Tape Heads 
Zhi Gang Wang, Desmond J. Mapps, David T. Wilton, and Lianna N. He 
Abstract- Three-dimensional finite element models have 
been utilized to simulate the crossfeed problems In read-
while-write (RWW) tape heads, and the results have been 
compared with experimental measurements. The most significant 
contributors, such as shield structure, intershield spacing, 
and reproductive mode, have been Identified. A new thin-film 
lnductive/dual·magnetoreslstive tape head design was found to 
reduce the crossreed by about a factor or 30, compared with 
the conventional shared-pole design, which Is the most ravored 
approach for achieving simultaneous operation or the READ 
head and WRITE head. 
Index Terms-Dual magnetoresistive head, magnetic recording, 
magnetic tape head, read-while-write operation. 
I. INTRODUCTION 
I T IS NECESSARY in some recording systems to write infonnation on tape and verify it by reading with a READ 
head a short time later. For example, defects in the tape 
material and in the contact between the head and tape may give 
rise to errors in the recorded infonnat ion. In order to detect 
such "drop-outs," a reproducing head placed closely behind 
the recording head in each track is employed to check-read the 
infonnation stored on the tape. For infonnation being recorded 
·and verified continuously, this means that the READ head and 
WRITE head are in operation simultaneously. 1l1e magnitude 
of the flux sensed by the READ head on the tape is of the 
order of pica-webers (i.e., very small) . In contrast, the writing 
flux can be very large, especially if a high-coercivity medium 
is being used. This means that the READ head may receive a 
flux component from the WRITE head which is of significant 
magnitude compared with the signal flux it is detecting from 
the tape, and this is especially true if the WRITE head and 
READ head are close together-an essential design-aim if the 
"dead" tape at the end of a recorded block of infonnation (the 
interblock gap) is to be minimized. In intennittent operation of 
the tape-unit. the tape stops when the end of the reeord passes 
the reproducing gaps. Unless the tape is spooled backward 
before the next recording takes place, an interrecord gap arises 
in this way, the length of which is detennined by the distance 
between the recording and reproducing-transducer gap and by 
the starting and stopping time of the tape transport mechanism. 
For efficient use of the available storage space, a short distance 
between the head gaps is thus required. An additional benefit 
from tight write-to-read gap spac ing is less off-track errors due 
to the slope of the tape (and azimuth alignment of the head) as 
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Read gap length 
Read !rack width 
Writ.e track width 
Fig. I. A typical design for a thin· film-magnetoresistive tape head, based 
on a shared-pole sensor- in-gap structure. 
it passes over the head. In modem thin-film/magnetoresistive 
(MR) heads the write and read gaps can be very close together 
(e.g., 10 /-lm) and in some cases, head parts can be shared, as 
shown in Fig. 1, so write-read crossfeed can be unacceptable 
when both head functions arc used at the same time [I]- [ 4]. 
In principle, four different sources of crossfced can easily 
be distinguished, namely: 
a) capacitance coupling from the writing to the reading 
bump; 
b) inductive coupling from the writing to the reading wind-
ing; 
c) magnetic flux leaking around the screens; 
d) magnetic flux penetrating through the screens. 
In the inductive/MR tape head designs, the capacitive and 
inductive coupling between write-read bumps will result in 
sharp pulses in the leading edges and trailing edges of the 
reproductive wavefonn. Magnetic flux penetrating through the 
screens may be reduced to a negligible quantity by demag-
netization and eddy current effects, especially in high-density 
recording. In this paper, we utilized a three-dimensional (3-D) 
finite element model to simulate the electromagnetic behavior 
in read-while-write (RWW). Analytical and numerical methods 
of calculating magnetic flux distributions and other problems 
can often help a head designer understand how the flu x 
spreads and, therefore, how the head size for a given overall 
configuration is limited. 
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II. REAo-WmLE-WRITE TAPE HEAD DESIGNS 
Three read-while-write tape head designs are considered in 
this paper, and their side views are shown in Fig. 2. The 
reference head (conventional merged head design) is shown 
in Fig. 2(a). It is based on a low-cost shared-pole sensor-in-
gap head design (Fig. 1). All the three poles are 2.0 J.Lm thick, 
and the throat height is 10 J.Lm. The WRITE head gap is 1.80 
J.Lm. The angle of the inclination of the left pole near the zero-
throat point is 45°. The pole tip widths of the left pole (write 
pole), the shared pole, and the right pole (shielding layer) are 
99.06 J.Lm, 238 J.Lm, and 344 J.Lm, respectively. The left pole 
and shared pole are 10 J.Lm apart in the yoke region. Overall, 
they are about 240 J.Lm high. The head coils are assumed to be 
a single turn, and the applied magnetomotive force is 0.48 A-
turns. This is approximately equivalent to a write current of 60 
mA for an eight-turn coil. In order to allow the head to write 
the high coercivity (130 leA/m) metal particle medium, the pole 
material is chosen to be a FeN-based soft magnetic film with 
a saturation magnetization of 2.1 T and an initial permeability 
of 3500. The read gap here is defined as the shield-to-shield 
separation, 0.35 J.Lm, which governs the linear resolution of 
readback processes. Two parallel soft magnetic stripes in gap 
configuration have been used. For each head design, we will 
consider two replay cases: the soft adjacent layer (SAL) [5] 
case and the dual-magnetoresistive (DMR) case. In the SAL 
case, the left stripe is assumed to be NiFe material for the MR 
sensor while the right stripe is assumed to be CoZrNb material 
for bias purposes. In the DMR case, both stripes are assumed 
to be NiFe material for the two MR sensors. The DMR design 
has several advantages over the SAL approach, such as the 
simple fabrication and the large intrinsic sensitivity at high 
linear density [6], [7]. The primary motivation for our schemes 
is to make use of the high common-noise rejection ability to 
reduce crossfeed greatly. The MR track width is 50.8 J.Lm, 
about half of the write track width. The MR stripe thickness is 
500 A. The thicknesses of the dielectric layers are 1000 A, 500 
A, and 1000 A, respectively. The MR stripe depth is 5.0 J.Lm. 
In order to enlarge the spacing between the gaps, we propose 
a so-called air-gap design as shown in Fig. 2(b). This is a 
slight variation of the reference head only between the write 
gap and read gap. It differs from the reference head by the 
elimination of a shared pole and an addition of a 3 J.Lm air gap 
between the two head elements. Separating write element and 
the read element by an air gap enables separate optimization 
of write and read elements. The third design considered in this 
paper, called the inserted-pole design, is shown in Fig. 2(c). 
In this case, an additional pole with 2 J.Lm thickness is inserted 
between the two head elements. The two air gaps beside the 
inserted pole are the same thickness, 3 J.Lm. It was hypothesized 
that the recording field would be confined on the left side of 
this inserted pole. 
Ill. THE FINITE ELEMENT MODEL 
The TOSCA 3-0 Nonlinear Magnetic Field Simulation 
Package [8] (supplied by Vector Field Corp.) was used to 
study the crossfeed problems. Finite element discretization 
forms the basis of the methods used in these analysis programs 
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(a) 
(b) 
(c) 
Fig. 2. Three RWW !ape head designs and their write field contours at a 
selected applied current (l = 0.48 A) in the mid-width cut plane. For clarity, 
only ten conlour lines are shown and numbered from zero to nine. 
[9]. These programs provide facilities for the creation of 
finite element models, specification of complicated conductor 
geometry, definition of material characteristics including for 
example, nonlinear and anisotropic descriptions and graphical 
displays for examination of the data. 
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Due to the symmetric structure of the heads, only half of the 
structure is needed for the simulation. 1l1e maximum element 
number used in the modeling was 45 000. For a WRITE head, it 
is assumed that the permeability of the recording medium is the 
same as that of air. An open boundary was used in the model. 
The effect of the open boundary condition on the accuracy of 
the solution was verified by comparing the solutions obtained 
by applying the potential and derivative boundary conditions 
to the open boundary, and the errors between the two were 
within 3.5%. 
The output of the MR head was evaluated by the volume 
integral of magnetic flux density within the MR stripe. Its 
expression is as below 
Output of single MR stripe oc j j j By dx dy dz. 
The volume integral's unit is T·J.£m3 . 
As mentioned above, we will consider both the SAL case 
and the DMR case for each head design. In the SAL case, 
we can simply lalce the volume over the left stripe integral as 
the final output of MR head. However, in the DMR case, we 
should subtract the integral over the right stripe from that over 
the left one as the DMR is sensitive only to the antisymmetric 
components of magnetic flu x. 
IV. CROSSFEED SIMULATION REsULTS 
As described above, in our reference design, the pole tip 
widths of the write pole and the shared pole are 99.06 J.£m 
and 238 J.£m, respectively. The primary motivation for this 
well-used merged head with different width poles is to reduce 
the magnetic flux resistance. The structure employed here, 
however, has another advantage that the magnetic flux leaking 
around the two sides of the shared pole would effectively be 
confined behind the pole. The write field amplitude contours 
in the midheight cut plane of MR stripe are shown in Fig. 3. 
For comparison, the case of the head design with the same 
pole width is also shown in the same figure. 
The write field amplitude contours of the three designs at 
a selected applied current (/ = 0.48 A) in the midwidth 
cut plane are shown in Fig. 2. For clarity, only ten contour 
lines are shown and numbered from zero to nine. The field 
contours are significantly asymmetric due to the existence of 
the read assembly. In particular, the 20 kA/m field contour 
(corresponding to line two) extends out about 10 J,£m toward 
the read gap side from the write gap. In contrast, it extends 
out only 2.5 J.£m in the inverse side. Another phenomenon 
deserving note is that so-called suddenly enhanced field zone 
exists in some regions, in agreement with an e lectron beam 
tomography measurements on three components of the thin-
film head field distribution [ 10]. For example, in Fig. 2(b), 
the 40 kA/m field contour line (corresponding to line three) 
sel f c loses underneath the shielding layer whereas in Fig. 2(c), 
the 40 kA/m field contour line (corresponding to line three) 
self closes underneath the inserted pole. These fac ts imply that 
the MR reproductive e lement will receive serious interference 
from the write field, but the interference strength depends on 
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Fig. 3. The write field amplitude contours in the midheight cut plane of the 
MR stripe. The contour lines arc numbered. 
the different head structures. The exact calculation results are 
as follows: 
Fig. 2(a) SAL crossfeed is 1.5425 T·J,£m3 while the DMR 
crossfeed is 0 .3425 T ·J.£m3 ; 
Fig. 2(b) SAL crossfeed is 1.1313 T-J,£m3 while the DMR 
crossfeed is 0.1706 T·J.£m3 ; 
Fig. 2(c) SAL crossfeed is 0.3180 T-J,£m3 while the DMR 
crossfeed is 0.0740 T-J,£m3 . 
From the above results, we see that shared-pole head design 
exhibits significant crossfeed from the write signals to read 
sensor as a result of the shared pole and close proximity of 
the write element to the read sensor. Although we cannot 
see an obvious improvement between (b) and (a), we can 
see an obvious improvement between (c) and (a) . Compared 
15.14 
with the reference head, the crossfeed of the air-gap type 
head is reduced by 136% in the SAL case and 20 I% in the 
DMR case. Compared with the reference head, the crossfeed 
of the inserted pole type head is reduced by 484% in the 
SAL case and 462% in the DMR case. The main reason for 
such an obvious improvement in the inserted pole head design 
is that the suddenly-enhanced-fi eld-zone appears underneath 
the inserted pole, whereas the suddenly-enhanced-field-zone 
appears underneath the MR sensor/shields in the air-gap head 
design. 
We can confirm the above conclusion further by vertical 
field mapping. A typical simulated 3-D field mapping of the 
vertical component in the air bearing surface (ABS) plane 
is shown in Fig. 4. We only take the vertical field into 
account because the MR sensor is only sensitive to the vertical 
component. In Fig. 4(a), the MR sensor is located near the 
positive peak of the vertical component. In Fig. 4(b), there are 
two separated positive peaks, and the MR sensor is located in 
the second peak. In Fig. 4(c), there are three positive peaks, 
and the MR sensor is located in the third peak. Because the 
third peak is much lower than the other two, the MR sensor 
senses li ttle magne tic flu x from the write head. We conclude 
that in the inserted pole head design, the inserted pole plays 
a very important role in reducing crossfeed from the WRITE 
head to the MR sensor because it allracts most of diverging 
flux from the wri te head. Therefore, the inserted-pole head is a 
favored approach for achieving simul taneous operation of the 
READ head and WRITE head. 
We also considered two other compensation schemes to give 
further reduction of crossfeed from the WRITE head to the MR 
sensor. These two compensating methods have been well-used 
in magnetic tape units (4] . Fig. 5 shows an underlayer scheme. 
In this scheme, a thick soft magnetic underlayer with high-
permeability placed at a certain distance (5 1-Lm) behind the 
tape covers both the WRITE head and the READ head. It was 
hypothesized that this underlayer would attract most of the 
diverging flux and little write field would interfere with the MR 
sensor. Fig. 6 shows an under-pole scheme. ln this scheme, a 
whole-plane shielding pole with a hole (5 1-Lm high) to let 
the tape go through is used to screen the diffusing magnetic 
flux from the reproductive element. Unfortunately, Figs. 5 and 
6 show no obvious d ifferent field distribution compared wit11 
the original one [Fig. 2(c)]. This is because the size of the 
modem head is much smaller than that in the past, and we 
have to put an underlayer or underpole relatively far apart 
from the ABS of the head due to the limitation of the tape 
thickness. Thus, neither underlayer nor underpole is workable 
for anti-interference purposes. 
V. R EPLAY SIMULATION R ESULTS 
The a im of a rep lay process simulat ion is to g ive the 
volume integral ( i.e., effec tive s ignal) of the MR sensor 
in the presence of a typical medium, so we can compare 
the magnitude difference between this case and crossfeed 
case. In o ther words. we should give the proportion of the 
crossfeed wi th in the effective signal. The head structure and 
di mensions used in the replay s imulat ion arc the same as the 
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tion directton 
(a} 
direction 
(b) 
direction 
(c) 
f-ig. 4 . Three-dimensional field mapping of vertical component in the ABS 
plane. 
crossfeed investigations except that, for the replay simulation, 
a longitudinal recording medium and perpendicular medium 
arc included in the model. In order to reduce the size of 
the model, only a th ree recorded bi t longitudinal recording 
medium and a 1wo-bi1 perpendicul ar medium right underneath 
\\ ·\ ,lo ,., .. t Kl·. i\ 1> \\ 11111· \\'K il l: l'i\1'1: I II ·.A I>S 
Fig. 5. Wrilc fie ld dislribulion wilh underlayer. In !his scheme, a !hick sofl 
magnelic underlayer wilh high-permeabi li ty placed at a cenain distance (5 
Jtm) behind the lape covers bo th the WRITE head and the READ head. 
underpole. 
Fig. 6 . Wrile fie ld distribution with underpole. In this scheme, a whole-plane 
shielding pole wi lh a hole (5 I' m high) to let the tape go through is used. 
!he read gap were simula!ed. For !he longi tudinal medium, the 
cenlral bit is magnelized in !he le ft direclion and the other 
lwo bils magnetized in !he righl direclion; !he track width of 
!he lhree bils is 99.06 11m; !he bil length is 0.25 Jlm wilh 
lrans ilion length 0.05 J.Lm; !he lhickness of !he medium is 0.05 
JLm; !he head-medium spacing is 0 .03 Jlm; and !he coercivily 
of !he recording medium is 130 kA/m. For !he perpendicular 
medium, !he lefl bil is magnelized in !he up direclion and !he 
ri ghl bil magnelized in !he down direclion. T he paramelers for 
!he perpend icu lar medium are s imi lar, bu t !his case will no! be 
considered as our slandard reproduclive oulpul case. Nole 1ha1 
the pos ilions o f !he Jongirudinal medium and !he perpendicu lar 
medium for maximum oulpul signal wi ll be diffe rent 
r ig . 7 is a computed 3-D field mapp ing of !he recorded bi ts 
in the midwidth cu t plane wilh the replay DMR head at the Ill[> 
: Shield. 
(a) 
Shield 
(b) 
Fig. 7. DMR head replay processes. The figure illustrates !he flux d istribu-
tion of the recorded bits in the mid width cut plane with the replay DMR head 
at the top of the medium. 
of the medium. The direction of each arrow corresponds to the 
direction of the field and its thickness lo the fi eld magnitude. 
This figure illustrates the flux distribution around the read gap 
region. ll can be seen from the fi gure that the leakage flux 
from the medium goes upward in the left stripe and relums 
downward in the right stripe. 11 constitutes a closed magnetic 
circuit. The calculated DMR oulpu l is 4 .525 T J.Lm3 (for the 
longitudinal medium). Therefore, in the reference shared-pole 
head , the effecrive DMR signal is 13.2 1 limes as large as the 
cross feed [signal-crossfeed- ratio (SCR) is 22.4 dB] . In the air-
gap head, !he effective DMR signal is 26.52 times as large as 
the crossfeed (SCR is 28.4 dB). In !he inserted-pole head, the 
e ffecli ve DMR signal is 85.38 limes as large as the crossfeed 
(SCR is 38.6 dB) . In !he olher calculalion, the SAL outpul is 
fou nd lo be 3.777 T-ttm3 (also for the longi tudinal medium). 
Therefore, in !he SAL MR reproduclion case, !he SCR is: 7 .8 
dB (shared pole case), I 0.4 dB (air gap case), 2 1.4 dB (inserted 
pole case). respeclivcly, for lhese lh ree slructures. 
In conlrast. we a lso computed 3-D fi eld mappings o f cross-
feed siluation ~ in !he inserted-role head case around the read 
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Fig. 8. Field mappings of crossfeed situations ~und the read g~p region in 
the inserted-pole head case, with the 0.48 A wnung current flowmg through 
the writing coil. 
gap region, with the 0.48 A writing current flowing through the 
writing coiL As shown in Fig. 8, the field distribution in the 
two MR stripes is almost the same because these two stripes 
are located so close with respect to the write gap. Obviously, 
the output signals from these two stripes will cancel each other 
in the DMR case, thus an almost null final output will be 
caused (only 0.0740 T·J.Lm3) . 
VI. EXPERIMENTAL MEASUREMENTS 
To verify these simulation results, measurements with 
MR/inductive head were done. The schematic illustration 
is shown in Fig. 9. A SAL type MR!inductive head was used. 
Its configuration is very similar to our air-gap design. In the 
experiment. the head assembly was put far away from the 
medium. When a 60 mA square-wave recording current is 
flowing through the write coil, just as in the case of recording, 
we observe the reproductive waveform from the MR sensor on 
the oscilloscope. We confirmed the crossfeed waveform from 
the write field by both frequency comparison and amplitude 
dependence on sense current Sharp pulses appeared in the 
leading edges and trailing edges of the reproductive waveform 
because of the capacitive and inductive coupling between 
write-read bumps, as mentioned in the introduction section. 
From the measurements, the peak-to-peak amplitude was 
found to be 320 J.LV at a sense current of 15 mA. On the 
other hand, this head's replay amplitude was 900 J.LVp-p over 
a single magnetization transition on a longitudinal medium. 
Therefore, the crossfeed from the WRITE head is just about 36% 
of the effective signal. We can compare these ~xperimental 
results with our simulation results. In the simulation of the 
air-gap head, the SAL effective signal is 3.777 T·J.Lm3, while 
the SAL crossfeed is 1.1313 T·J.Lm3 • The crossfeed-signal 
ratio is just 1.1313/3.777 = 30%. There is reasonably good 
agreement between simulation and experiment. 
VII. CONCLUSION AND FuRrnER DISCUSSIONS 
The crossfeed performance over the surface in RWW tape 
heads and the replay process on a three (or two) bits medium 
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MRJSAL 
Fig. 9. Experimental apparatus for measuring crossfeed on a SAL type 
MR/inductive head. 'The bead's configuration is very similar to our air-gap 
design. 
have been quantitatively simulated by using a 3-D finite ele-
ment method. Their SCR versus gap-separation characteristics 
are depicted in Fig. 10. In addition, we also considered two 
other examples: the air-gap type head with 9 J.Lm air gap and 
the inserted-pole type head with 0 .5 J.Lm air gaps beside the 
inserted pole (Fig. I 0). TI1e Table I summarizes the SCR of 
various head designs. The following are concluded. 
a) The SCR increases with the gap-center separation' s 
increasing. 
b) The inserted-pole design is effective to reduce the cross-
feed. The SCR in the inserted-pole design is generally 
2-3 dB higher than that in the air-gap design. 
c) The DMR reproductive method is effective to reduce the 
crossfeed. The SCR in the DMR designs is generally two 
to three times as high as that in the SAL reproductive 
design. 
In a summary, the best scheme to suppress the crossfeed noise 
from the WRrm head in a RWW tape head is to employ the 
so~alled inserted-pole head configuration and simultarieously 
employ a dual-MR sensor instead of a conventional SAL MR 
sensor. Its SCR is 38.6 dB (for the head with 3 pm air gaps 
beside the inserted pole) or 30.4 dB (for the head with 0.5 J.lm 
air gaps beside the inserted pole). Obviously, the latter is more 
practical due to its shorter gap separation (8 pq1). To reduce 
the manufacture cost. the shared-pole DMR configuration is 
also acceptable. Its SCR is 22.4 dB. 
Our work in this paper is limited to head optimization. How-
ever, from the viewpoint of signal processing, the crossfeed 
noise from a recording field is a special noise. In other words, 
we may say it is not a real noise compared with other real 
noise, because it is detennined by what was written on the 
tape. Therefore, there exists a possibility to reduce significantly 
the crossfeed noise from the effective signal by designing a 
new demodulation circuit, in which a cache memory would be 
used to store the recorded data for comparison purposes. So 
a high SCR may not be required for signal processing, while 
with real noise at least 26 dB SNR is required. Nonnally, 
a high SCR design results in high head manufacturing cost 
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TABLE I 
TilE SCR OF V AJliOUS HEAD DESIGNS 
~ Shared-pole type Air-gap type Inserted-pole type 
31Jm 
81Jm 
I3J1m 
SCR 
(dB) 
35 
25 
20 
IS 
10 
s 
0 
SAL DMR 
7.8 dB 22.4 dB 
A Air-&ap 1ype (DMR) 
V Air·&&p 1ype (SAL) 
- lnsa1.cd-pole type 
- - - Air-aap type 
SAL DMR SAL 
7.8dB 22.4 dB 7.8 dB 
10.4 dB 28.4 dB 14.2dB 
17.4 dB 35.8 dB 21.4 dB 
0 lnsa1.cd-polc 1ype (DMR) 
0 lnsa1.cd-pole 1ype (SAL) 
Fig. 10. SCR-gap-separation characteristics of RWW heads. 
DMR 
22.4 dB 
30.4 dB 
38.6 dB 
due to the complicated structure. It should be possible for 
head designers to divert some of the difficulties of crossfeed 
reduction to signal processing experts. In order to solve the 
crossfeed problems perfectly in practical applications, a good 
balance between head design and signal processing will be 
needed, but this is beyond the scope of this paper. 
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Crossfecd Response of DMR vs. SAL Multi-track Heads 
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Ab.9tract-A new concept oC Dual Magnetoreslstlve repro· 
ductive mode Is applied to Improve the design and operation of 
hlgh-perfonnance multi-track Read-While-Write (RWW) heads 
Cor tape and/or potential disk applications. RWW operation ex· 
lsts In some magnetic recording units In which verlCying what wa,s 
recorded Is necessary. A new multi-track Inductive/Dual Mag· 
netoreslstive (DMR) head design Is found to reduce the crossfeed 
noise radiation by about a factor of 20, compared with the con· 
ventional Soft-Adjacent-Layer (SAL) Magnetoresistive Heads de-
sign, which Is the most favoured approach Cor achieving slmulta· 
neous read and write operations, especially In a muiU-track head 
with ultra-narrow trackwidth. To verify these analysis results, 
measurements with 2.9 Jlm track width lnductlve/MR and lnduc· 
tive/DMR heads were done. 
Index Terms: Read-While-Write operation, Dual Magnetore-
sistive head, magnetic recording, multi-track recording 
I. INTRODUCTION 
In digital applications the magnetic recording process has 
to fulfil high requirements as to its reliability. In such units 
with a plurality of gaps, one gap is employed for writing and 
a second one, adjusted to the same track and placed closely 
behind the first, for reading immediately afterwards to verify 
the written information and thus increase the reliability of the 
recording system. This means that the read head and write head 
are in operation simultaneously. When the heads are in use, 
noise interference usually occurs between the write and read 
~lements. This type of coupling is called "crossfeed" noise 
iUld it is caused by radiation across the recording surface of the 
rnagnetic transducer head due to the electromagnetic field. The 
rnagnitude of the flux sensed by the read head on the medium 
ts of the order of pico-webers (i.e. very small). In contrast, the 
Nriting flux can be very large, especially if a high-coercivity 
nedium is being used. Since the writing level is several or-
lers of magnitude higher than the reading level, it is clear that 
:rossfeed from the recording to the reproducing head may seri-
msly disturb the output signal of the latter[ 1 )[2]. Especially in 
he case of multi-track RWW heads, the individual crossfeed 
ignals from different locations should be considered for a·par-
icular gap in the read array. 
This work involves the investigation of a range of impor-
ant parameters related to noise-rejection and the optimisa-
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Corresponding author: Franlc Z. Wang is with School or Elect., Corn· 
1unication & Elect. Eng., University of Plymouth, Drake Circus, Ply· 
touth, Devon PL.A 8AA, United Kingdom. FAX: +44-1752-232583, E-mail: 
~tang@plymouth.ac.uk 
y 
X. 
Fig. I. Idealized 3D model of a multi-traclc Read-While-Write (RWW) head. 
The recording gap length g is used as a size unit 
lions to achieve a significant advance in RWW performance 
of multi-track heads suitable for high data rates. 1\vo repro-
ducing modes will be considered in this paper: the conven-
tional Soft-Adjacent-Layer (SAL) reproducing mode and the 
Dual Magnetoresistive (DMR) reproducing mode. Utilisation 
of two MR elements in a differential mode[3] is attractive and 
has led to different head designs: DMR[4][5], gradiometer[6], 
and Dual Stripe MR (DSMR)[7]. The 2-terminal DMR heads, 
consisting of two nominally identical, adjacent magnetoresis· 
tive stripes shorted at both ends, is designed to combine the 
simpler fabrication with the larger intrinsic sensitivity at high 
linear density[4][5]. The possibility of continuous servoing 
with DMR heads has also been investigated[8]. The two MR 
stripes of DMR are connected in parallel electrically. In this 
regard, when the two MR stripes are exposed to a uniform 
applied field, the DMR head produces almost null output( one · 
MR stripe has resistance increase, the other has resistance de-
crease and they cancel each other for parallel connection). In 
other words, the DMR is sensitive only to the spatially anti-
symmetric component of the applied field. 
11. MATHEMATICAL MODEL 
The mathematical model, including three RIW channels,· 
is illustrated by Fig. I. In this case, there needs to be a 3-
dimensional system constructed to position the heads accu-
rately so that the individual crossfeed signals from different 
locations can be detected and summed. The x, y and z coordi-
nates exist along the medium motion direction, perpendicular 
lo the head-medium contact plane and along the trackwidth di-
rection, respectively. The origin of the coordinate system is 
located in the center of the middle recording gap. The record· 
ing gap length is referred to g, which is used as a size unit. An 
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Fig. 2. The calculated crossfeed response in ilrbitrary units of a SAL-MR head 
while 3 write heads are in operation simultaneously vs the MR head location 
(x,y,z) . In this case, y=O and x and z range from -Sg to +Sg. 
ultra-dense design is assumed here: the recording trackwidth 
is 2g; the separation between recording poles is g. Two par-
allel soft magnetic stripes in read gap configuration have been 
used in the figure. As stated in the Introduction section, we 
will consider two replay cases: the SAL case and the DMR 
case. In the SAL case, the rear stripe MR is assumed to be 
NiFe material for the MR sensor while the front stripe is as-
sumed to be CoZrNb material for bias purposes. In the DMR 
case both stripes, denoted by MR 1 and MR2 respectively, are 
assumed to be NiFe material for the two MR sensors. The MR 
track width is g; the MR stripe thickness is 0.2g; the MR stripe 
depth is 0.6g; the thicknesses of the dielectric layers is 0.5g, 
which governs the linear resolution of readback processes in 
the DMR case. The spatial center of the two boundaries near 
the ABS (Air Bearing Surface) of the MR stripes is denoted by 
the coordinate (x,y,z). 
Closed form field solutions by Lindholm[9] are used for sin-
gle finite gap heads with finite track width. In this method, 
several special cases are generated when the exterior angle a 
of the wedge is a multiple of rrf2, i.e. a = n · (rrf2). The 
multiple n will be used conveniently as a subscript to distin-
guish the different solutions to follow. When n = 2, the ex-
terior angle is 180° and the geometry of this rr-wedge is that 
of Karlqvist's 2-dimensional head. When n = 3, the exterior 
angle is 270° and the geometry of this 3rrf2-wedge is that of 
a semi-infinite width head. The center-track head with finite 
track width as shown in Fig. I is obtained by the superposition 
of rr-wedge (Karlqvist's expression H2 ), 3rrf2-wedge (H3) and 
another 3rrf2-wedge (H' 3) with field given by[9] 
H = H3(x,y,z-wf2)+H~(x,y,z+w/2) -H2(x,y,z) {I) 
where the write head width w = 2g. Formula (I) just repre-
sents the center-track write head. Contributions from end-track 
heads should also be summed. 
The magnetization is 45° biased in the rectangular-shaped 
thin-film magnetoresistor in a single domain state. For this 
reason the 3-dimensional reproducing MR stripes will be sen-
sitive to the H 11 and H, components. H" does not contribute to 
the output due to a strong demagnetization effect through the 
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Fig. 3. The calculated cross feed response, in the same units as Figure 2, of a 
Dual-MR head while 3 write heads are in operation simultaneously vs the MR 
head location (x,y,z). In this case, y=O and x and z range from -Sg to +Sg. 
film thickness direction x. Considering the worst case, an ap-
proximate cross feed response ei U= 1,2) of a single MR stripe 
can be obtained by integrating over the d.evice dimensions, i.e. 
ei ex: I I I I H 11 (x, y, z)dxdydz I + 
+ I I I I H,(x, y, z)dxdydz I. (2) 
To simplify the problem, we assume that the source mag-
netic flux in the MR films is from the ABS-near boundaries 
and the injected flux into the MR films is uniform in the z di-
rection. 
In the SAL case, we can simply take the volume integral 
over the rear stripe as the crossfeed response. However in the 
DMR case we should subtract the integral over the front stripe 
from that over the rear one and then divide it by two as the 
crossfeed response because of the parallel connection between 
the two stripes. 
Ill. ANALYSIS OF RESULTS 
A convenient way to visualize the crossfeed response is by 
means of the perspective views, Fig.2 and 3. In Fig.2, the cal-
culated crossfeed response (absolute value) in arbitrary units 
of a SAL-MR head while 3 write heads are in operation simul-
taneously vs the MR head location (x,y,z) is depicted. Fig.3 
is the similar case of Dual-MR. In the above cases, y=O and x 
and z range from -5g to +5g. It is noted that a series of peaks 
with different heights (due to superposition) are localized near 
the edge-ends of each write gap and the tallest peaks in the 
SAL-MR case are twice as tall as the tallest ones in the DMR 
case. Bear in mind that a central band around -2.5g~x~+2.5g 
is a fictitious region because the MR heads cannot exist in this 
band, occupied by the write head array. The region of interest 
is beyond this band. 
By cutting the views of Pig.2 and 3 along certain planes, 
most of the information about the cross feed noise response can 
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be obtained. First, slicing parallel to the x-axis at a given z 
produces a plot of noise versus x with z as a parameter (z=-
3g,0,+3g), which shows the behavior of the noise as the track 
is traversed. Second, sl icing parallel to the z-axis at a given x 
produces a plot of noise versus z with x as a parameter (x$-
2.5g or x~+2.5g), which shows the behavior of the noise as the 
trackwidth is traversed. Third, slicing parallel to the xz-plane 
at different noise levels produces contour plots of these noise 
levels in that plane. 
By studying Fig.2 and 3 along these various cuts, the follow-
ing conclusions can be drawn: 
I. The crossfeed noise response decreases as the write-read-
gap-center separation increases. For efficient use of the avail-
able storage space a short distance between the head gaps is 
required. An add itional benefit from close write-to-read gap 
separation is fewer off-track errors due to the slope of the tape 
(and azimuth alignment of the head) as it passes over the head. 
2. It is found that the crossfeed noise in DMR decreases 
much more sharply than that in SAL-MR with the separation's 
increasing. For example, the crossfeed noise at a typical point 
(x=±4g, z=O) in the DMR design is only 4.5 % of that at the 
same point in the SAL. Such a good crossfeed-noise-rejection 
in the DMR design is because the field disturbance accepted by 
the two M.R stripes is almost the same since these two stripes 
are located very close to each other with respect to the write 
gap. As a result, one MR stripe has resistance increase, and 
the other has resistance decrease. Obviously in the DMR case 
the output signals from these two stripes will cancel each other, 
thus causing an almost null final output. 
3. A series of crossfeed response peaks with different 
heights, existing near the edge-ends of each write gap as men-
tioned above, leave their long tails far away from the write gap 
along the track direction. As a result, the trackwidth-transverse 
direction is found to be very important with an array of read 
heads. The end-tracks have different cross feed responses from 
the center-track. In the SAL-MR case, the center-track cross-
feed response at (x=±4g,z=O) is 22.1% stronger than the end-
track response at (x=±4g,z=±3g). In the Duai-MR case, the 
center-track crossfeed response at (x=±4g,z=O) is just 3.2% 
stronger than the end-track response at (x=± 4g,z=±3g). 
IV. EXPERIMENTAL MEASUREMENTS 
Measurements with Dual-Stripe Magnetoresistive (DSMR) 
heads were done. The magnetization configuration ofDMR[4) 
is the same as DSMR[7] but their electrical connection are dif-
ferent. Based on this fact, by re-connecting the terminals of 
DSMR in a different way, we can get a MR head sample and 
a DMR head sample, respectively. Digital recording and play-
back is achieved using I integrated recording (IR) channel and 
I MR channel respectively, which serve I parallel digital track 
on medium. The digital playback channel is 2.9 {tm wide, the 
digital record channels is 3.6 {tm wide. The write gap length 
is 0 .35 I'm and the read gap length is 0 .28 {tm. The gap-center 
separati on is 2.32 J.tm. (Note that this head has just one channel 
but at this stage it is the only head with a very narrow track-
width available to us .) T he record channel is 9 turns. 
In the measurement, the head assembly was put far away 
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Fig. 4. The crossfeed responses against a square·wave exciUtion in the write 
coil. See text for detail. 
from the medium to measure noise interference occuring be-
tween the write and read elements. When a 50 mA square-
wave recording current (optimum recording current) was flow-
ing through the write coil of the write head, we observed the re-
producing waveform (crossfeed noise response) from the MR 
sensor at a sense current of 12 mA on the oscilloscope, as 
shown in Fig.4. We confirmed the crossfeed waveform from 
the write field by both frequency comparison and amplitude 
dependence on sense current. The reproducing waveform from 
the DMR sensor is also pictured in Fig.4. In the case of MR, 
the crossfeed response is 2.56 V (after a amplifier); in the case 
of DMR, the crossfeed response is just 62 m V (after the same 
amplifier). It is clear that the DMR head receives much little 
crossfeed noise from the recording coil than the MR sensor. 
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Keepered Media Reproduction with Dual MR Heads 
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Ab8tract-The key technique In applying keepered media 
system In a reproduction Is how to "open" the keeper layer. In this 
paper we propose a new concept of keepered-medla-reproductlon 
with Dual Magnetoresistlve (DMR) heads. The keeper layer may 
be biased by the stray ftux from DMR sensors. The shunting-
releasing ratio between reproduced signals without and with a 
sense current Is found to be - 26 dB. This media system Is com-
pletely stable against :hermal demagnetJzatJon. It Is believed that 
keepered media may offer a similar advantage with MR heads 
and potentJally allow magnetlcs to break the 10 Gblin2 area! den-
sity barrier with the aid of the high performance gains of MR 
heads. · 
Index Terms: k:eepered media, Dual Magnetoresistive head, 
magnetic recording 
I. INTRODUCTION 
As recording densities exceed 10 Gblin2(1], recorded tran-
sitions may become unstable, causing magnetically recorded 
information to degrade over time. A top keeper layer adja-
cent to the hard-magnetic storage layer can profoundly affect 
the recorded magnetic transitions in the media. The record-
ing process is similar to conventional recording~xcept there 
is an additional spacing loss due to the thickness of the keeper 
layer. As the head field moves away from the recorded tran-
sition, the keeper layer becomes unsaturated[2]. The keeper 
layer reduces the demagnetization of the magnetic transition 
and hence the transition length, smoothes zigzag transitions, 
and significantly reduces the effects of finite head-pole width 
on the output[2]. As a result, keepering not only boosts record-
ing densities, but has the potential to stabilize recorded data 
against thermal demagnetization-which may become a sig-
nificant issue when recording densities approach 10 Gb/in2 • 
The key problem in using a keepered media system is how to 
"open" the keeper layer. In other words, the keepered media 
system requires a small bias field during read operation. Work: 
to date has been done with thin-film and metal-in-gap induc-
tive heads together with keepered longitudinal media since it 
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operation, nux from the recording head aalurales the keeper above the storage 
layer. The lcecper layer could be biased by the slray nux from dual MR sensors 
during a read operation. 
is relatively easy to produce a head-bias field by the ring head 
s·tructure[2][3][4]. In this paper, we propose a new concept of 
keepered-media reproduction with Dual MR heads. It is be-
lieved that keepered media may offer a similar advantage with 
MR heads due to the high performance gains of MR heads. 
The 2-terrninal DMR head[5], consisting of two nominally 
identical, adjacent rnagnetoresistive stripes separated by a di-
electric spacer in the active region but shorted at both ends 
between MR slripes, is designed to combine simpler fabrica· 
tion with larger intrinsic sensitivity at high linear density[5]. 
Most importantly, this DMR head promises excellent reso-
lution when reading the high field gradients from extremely 
sharp magnetization transitions, due to the small separation 
of the elements in the device. These features are important 
for overcoming the limitations of present recording heads and 
achieving the high spatial resolution necessary for an ultra-
high density magnetic recording system. 
11. PRINCIPLE 
The principle of keepered-media reproduction with Dual 
MR heads is illustrated in Fig. I. The medium cross-section and 
00 18-9464/98$1 0 .00 © 1998 IEEE 
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flux path for basic keepered-media reproduction with a Dual 
MR head are shown. A soft-magnetic top keeper film is de-
posited on the storage layer and below the lubricating overcoat. 
Keepering will not occur for keeper layers that are relatively 
thin with respect to the hard recording layer unless there is a 
magnetic exchange breaking layer or spacing separating them. 
The reader is shown keeper/record layer separations in Fig. I . 
During a write operation, flux from a submicron-trackwidth 
recording head (not shown in the figure) saturates the keeper 
above the storage layer. During a read operation, the keeper 
layer may be biased by the stray flux from dual MR sensors, as 
illustrated below. 
the same polarity change. 
IV. ANALYSIS 
The aim of a replay process simulation is to verify the fea-
sibility of keepered-medium reproduction with DMR heads. 
After obtaining the volume integral (i.e. the effective signal) 
of the DMR sensor in the presence of a typical medium, we 
can compare the magnitude difference between the reproduc-
ing (or releasing) case and shunting case. In other words, we 
should give the ratio of the signal without sense current flowing 
to the effective reproduced signal with sense current flowing. 
In order to simplify the problem, only a three-bit longitudinal 
medium right underneath the read gap was simulated. Thecal-
culation provides an example of 10 Gb/in2 area! density using 
very aggressive track density and somewhat conservative linear 
density. The trackwidth of the three-bit medium is 0.3 Jlm[6]; 
the bit length is 0.2 Jlm with transition length 0.025 Jlm; the 
thickness of the medium is 0.07 Jlm; the head-medium spacing 
is 0.012 Jlm; the coercivity of the recording medium is 2500 
Oe with an MrT of 1.0 memulcm2 ; the keeper layer thickness 
is nominally 200 A, with a coercivity of 15 Oe and a satu-
ration magnetization of about 1.2 Testa; the thickness of the 
keeper/record layer separation is 25 A; the thickness of the C+ 
lubricating layer is 25 A. The DMR head structure and dimen-
sions used in the replay simulation are listed below: the shield 
material is chosen to be a FeN based soft magnetic film with a 
saturation magnetization of 2.1 Testa and an initial permeabil-
ity of 3500; the read gap here is. defined as the shield-to-shield 
separation, 0.35 pm; two parallel soft magnetic stripes in gap 
configuration have been used; both these stripes are assumed to 
be NiFe material for the two MR sensors; the MR track width is 
0.28pm; the MR stripe depth is 0.25 Jlm; the MR stripe thick-
ness is 500 A: the thicknesses of the· dielectric layers are I 000 
A, 500 Aand 1000 A, respectively; the stripe-stripe separation, 
500 A, governs the linear resolution of readback processes. 
In DMR heads, sense current of the same magnitude and di-
rection is sent through both elements producing opposing bias 
fields in each sensor. A strong field will be produced in front 
of the ring-head-like stripe-stripe gap and this resulting bias 
field will saturate a small region of the top keeper layer. In this 
regard, a "window" has been opened in the keeper layer. In 
contrast, the two MR stripes are only semi-saturated, i.e. 45° 
biased, just suited for signal reproduction. 
Ill. FINITE ELEMENT MODEL 
The TOSCA 3-D FEM Nonlinear Electromagnetic Field 
Simulation Package (supplied by Vector Field Corp.) is used to 
study the playback behaviour in a keepered ~edia system. Fi-
nite element discretization forms the basis of the methods used 
in these analysis programs. These programs provide facilities 
for the creation of finite element models, specification of com-
plicated conductor geometries, definition of material charac-
teristics including, for example, non-linear and anisotropic de-
scriptions, and graphical displays for examination of the data. 
Due to the symmetric structure of the heads, only half of the 
structure is needed for the simulation. The maximum element 
number used in the modelling was 45,000. An open boundary 
was used in the model. The effect of the open boundary condi-
tion on the accuracy of the solution was verified by comparing 
the solutions obtained by applying the potential and derivative 
boundary conditions to the open boundary. The error between 
the two was less than 3.5 %. 
The output of the MR head was evaluated by the volume in-
:egral of magnetic flux density component Br within the MR 
I tripe, 
Output of single M R stripe ex: I I I B~dxdydz (I) 
rhe units of the volume integral are T ·Jlm3 . During a read op-
:ration, we should add the integral over the right stripe and that 
•ver the left one as the final output of the DMR head because 
vithin an anti-symmetric field both of these MR stripes, in par-
lie! electrically in a DMR head, have a resistance change with 
Figure 2 is a computed three dimensional ftux distribution 
of the recorded bits in the mid-width cut plane, with the replay 
DMR head with an optimum sense current I = 1.5 mA at. the 
top of the medium. The direction of each arrow corresponds to 
the direction of the field, and its thickness to the field magni-
tude. From the figure, it is found that the small saturated region 
in the top keeper layer, which is created by the resulting bias 
field in front of the stripe-stripe-gap, cuts off the return path 
of the medium transition flux through the top keeper layer due 
to low permeability of the saturated region. The medium tran-
sition flux is therefore forcibly released from the shunting in 
the keeper layer, which allows flux transitions to be picked up 
by the reproducing DMR head. For this reason, Fig.2 shows a 
"releasing state". The leakage flux from the medium goes up-
ward in the left stripe and returns downward in the right stripe. 
Obviously the anti-symmetrically-distributed field components 
will cause a pronounced signal output for 2 stripes shorted at 
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both ends in the DMR head. The calculated DMR output is 4.7 
xlo- u T·J.tm3• 
In contrast, we also computed the three dimensional flux dis-
tribution in the shunting state, without any sense current flow-
ing through the MR stripes. As shown in Fig.3, the flux dis-
tribution from the recording layer is well restrained beneath 
the top keeper layer and above the bottom keeper layer. Ef-
fectively, the "window" has been closed in the keeper layer. 
Almost no stray flux from the medium enters the MR stripes 
to be picked up by the reproducing DMR head. In this case, 
only 2.5 x w-20 T·Jlm3 is sensed in the output of the DMR 
head. (This value is fictitious because an MR sensor cannot 
work without a sense current flowing through the stripes.) 
In order to evaluate fairly the proportion of the contributions 
to the MR output between the shunting case and releasing case, 
we define a Shunting-Releasing Ratio (SRR) as below: 
SRR = 20 log Signal without sense current dB (2) Signal with sense current ( ) 
In our investigation, the signal with sense current (the releas-
ing case) is 4.7 x l0- 19 T·Jlm3 /2.5 x lo- 20 T·Jlm3 = 18.8 
times as large as the signal without sense current (the shunt-
ing case), so the SRR is - 25.6 dB. Therefore the designed top 
keeper layer plays a reasonable role in shunting and releasing 
the medium transition flux . 
0 0 p. p. 
"'0 
'£ '5 
0 
Cl) Cl) 
"0 
~ I . :.a -,Y .2 ~ ti 
Cl) ~ :E Cl) 
I . 
f 
. I . 1 ! 
i _:_y .1 l I I ! ! ! 
. I . 
V. CONCLUSIONS 
In this paper, we propose a new concept of keepered-media-
reproduction with Dual MR heads. To verify its feasibility, a 
TOSCA 3-D FEM Nonlinear Electromagnetic Field Simula-
tion Package is used. The keeper layer may be biasCd by the 
stray flux from DMR sensors. A so-called "shunting-releasing 
ratio" between reproduced signals without and with a sense 
current is found to be -26 dB. This media system is completely 
stable against thermal demagnetization. It is believed that 
keepered media may offer an advantage with MR heads and 
potentially allow magnetics to break the 10 Gblin2 areal den-
sity barrier due to the high performance gains of MR heads. In 
addition, the principle.stated here is also applicable to perpen-
dicular media systems {7] although only a longitudinal medium 
has been included in this investigation. 
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Read-while-write operation in magnetic recording 
Z.G. Wang*, L.N. He, D.J. Mapps, D.T. Wilton 
Centre for Research in Information Storage Technology. School of Electronic. Comm11nicotion and Electrical Engineering. 
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Abstract 
This invest igation relates to magnetic transducing apparatus (magnetic tape units and potentially magnetic disk units) 
for use in read-while-write (RWW) mode. We shall confine ourselves here to the most important part of the noise, that 
resulting from field in teraction. This type of coupling is called "crossfeed" noise and it is caused by radiat ion across the 
recording surface of the magnetic transducer head due to the electromagnetic field. As a result, a favoured scheme to 
suppress the crossfeed noise from the write head in a RWW head is to employ a dual-M R sensor instead of a conventional 
SAL MR sensor. The measured signal-crossfeed rati o(SCR) agrees reasonably with the1heoretical predictions. © 1998 
Elsevier Science 13. V. All rights reserved. 
Keywords : Magnet ic reco rding; Read-while-wri te operation; Dual-magnetoresistive heads 
I. Introduction 
In digital applications the magnetic recording process 
has to fu lfil high requirements as to its reliability. 
Magnetic-tape units used in combination with digital elec-
tronic computers contain therefore multiple-head struc-
tures in which the information written on the tape by 
means of a magnetic recording head is read out immedi-
ately afterwards by a magnetic reproducing head adjusted 
to the same track and placed closely behind the recording 
head. For information being recorded and verified con-
tinuously, this means that the read head and write head 
are in operation simultaneously, as shown in Fig. I. 
2. Model and results 
As shown in Fig. 2, the field (H) produced at a distance 
(R) from an infinitesimal gap by a recording current (i) in 
'Correspo nding autho r. Tel.: 44- t752-232583; fax: + 44-
1752-232583; e-mail: zwang@plymouth.ac.uk 
the winding of n turns a round the head core is given by 
H(t) = (1/ rr)ni(t)/R [2). The reproducing MR stripes 
will be sensitive to the H1 component only, H>(t) = 
(l / rr)ni(r)x/(x2 + y2). Two parallel soft magnetic stripes in 
read gap configuration have been used in the figure. We 
will consider two replay cases: the conventional (soft 
adjacent layer) SAL reproducing mode and the (dual-
magneto-resistive) DMR reproducing mode ( 1]. The 
MR track width w = 50.8 J.tm; the MR stripe thickness 
b = 500 A; the MR stripe depth h = 5.0 J.tm; the dielectric 
layer thicknesses d = 500 A; the shield-to-shield separ-
ation is 0.35 J.tm. 
A rectangular-shaped thin-film magnetoresistor in 
a single domain state can be analysed by considering 
the various magnetic energy components that exist in 
the film. If an applied field is made up of a constant 
component, Hb, and a much sma ller va riable component, 
H >", then, for a sense current I and init ial resistance 
R0 an out put voltage e1 (j = I, 2) of a single MR stripe 
can be obtained by integrating over the device dimen-
sions, i.e. 
0304-8853/ 98/ S - see front matter ([>.• 1998 Elsevier Science B. V. All rights reserved. 
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Combining with they component of the head fi eld gives 
ni(t) I f (lt) 
e1{t) ex:---;-- blttrctan :; dx 
= ni(t) _!_[x arctan(~) + ~In( I + x: ] ... u = f(xo). 
1t biJ X 2 h xo 
(2) 
In the SAL case, we can simply take the volume inte-
Write current i(t) llS1_ Reproducing MR element 
. l p \_Vri,J~il C=•r~d "''" rndi"i~ \ n LQooj: from write head : : U 
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Fig. I. Schematic illustration of crossfced problem in R WW 
heads. 
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0 
gral over the left st ripe as the crossfeed noise of the MR 
head, i.e. 
CrossfeedsAL ex: f(s- i- ~). (3) 
However, in the DMR case, we should subtract the 
integral over the right stripe from that over the left one as 
the approximative crossfeed noise of DMR head because 
of the parallel connection between the two magnctoresis-
tive stripes in the DMR heads, i.e. 
( 11 b) ( h b) CrossfeedoMR ex: f s - 2 - 2 - f s + 2 + 2 . (4) 
In order to evaluate fairly the proportion of the cross feed 
within the effective signal, we define an SCR as below 
SCR = 20 logC Sign~al (dB) 
ross eed (5) 
Since the reproducing process is essen tially a linear 
one, the derivation of the reprod ucing head signal in the 
presence of a typical medium can be simply done by 
using the reciprocity principle [2,3]. In other words, 
a reciprocal relationship occurs and the field distribu tion 
in the read gap region may be looked upon as a measure 
of the relative spatial sensitivity of the head to magnetiz-
ation in the gap region. The properties of the medium 
which go into the calculation arc listed below: transition 
excitation M,t = 2.5 mcmu/cm 2, the head-medium spac-
ing is 0.03 IJm. 
The calculated SCR vs. inter-gap-separation charac-
teristics are depicted in Fig. 3 [3]. SCR increases as the 
gap-center separa tion increases. For efficient use of the 
ava ilable storage space a short distance between the head 
gaps is required. An additional benefit from close write-
to-read gap separation is fewer off-track errors due to the 
slope of the tape (and azimuth alignment of the head) as it 
X 
[... Rea~ gap~ 
. ' . ~------- ------~~ inter-gap separation s 
Fig. 2. Ideal model of an R WW head. 
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Fig. 3. SCR-inter-gap-separation characteristics of R WW 
heads. 
passes over the head. In conclusion, the SCR in the DMR 
design is generally 4-5 times higher than that in the SAL 
reproducing design. Such a high SCR in the DM R design 
is because the leakage nux from the medium goes upward 
in the right stripe and returns downward in the left stripe, 
constituting a closed magnetic circuit. Both MR stripes 
have resistance change with same change polarity. Such 
anti-parallel field components will cause a remakable 
signal output in the DMR head. In contrast, when con-
sidering crossfeed radiation from the write head, the field 
disturbance accepted by the two MR stripes is almost the 
same because these two stripes are located very close to 
each other with respect to the write gap. As a result, one 
MR stripe has resistance increase, and the other has 
resistance decrease. Obviously in the DM R case the 
output signals from these two stripes will cancel each 
other, thus causing an almost null final output. 
3. Experimental measurements 
Measurements with MR and DMR heads by re-con-
necting the terminals of dual-stripe magnetoresistive 
(DSMR) heads were done. The MR playback channel is 
2.9 11m wide, the record channels is 3.6 11m wide. The 
write gap length is 0.35 11m and the read gap length is 
E J:-fl 1----o rt-- r--xc1ttng curren 
~~~~ri~L~- .... .... . .. . ... . ... .... 
-
I'-. ~ 1"-i'-. f'-.. 
Crossteed re~ponse 
rrom~R (2.r/div) 
V V v V v 
Horizonta axis· I ms/div 
r:-rossteed response 
from~0.5~/di~ .... .... . ... . ... .... .... :-- fH' ~ ,_ 
~ T - rw 
Fig. 4. The crossfeed responses against a square-wave excitation 
in the write coiL See text for detaiL 
0.28 11m. The gap-center separation is 2.32 Jlm. The re-
cord channel is nine turns. In the measurement, the head 
assembly was put far away from the medium to measure 
noise interference occurring between the write and read 
elements. When a 50 mA square-wave recording current 
(optimum recording current) was flowing through the 
write coil of the write head, we observed the reproducing 
waveform (crossfeed noise response) from the M R sensor 
at a sense current of 12 mA on the oscilloscope, as shown 
in Fig. 4. The reproducing waveform from the DMR 
sensor is also pictured in Fig. 4. In the case of MR, the 
crossfeed response is 2.56 V (after an amplifier); in the 
case of DMR, the crossfeed response is just 62 mY (after 
the same amplifier). It is clear that the DMR head re-
ceives much little crossfeed noise from the recording coil 
than the MR sensor. 
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Suppression of Cross feed Field in a Read-While-Write Head 
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Ab.5tract- The thrust of this work is to find a practical so-
lution for the suppression of crossfccd field in a Read-While-
Write (RWW) operation for tape and/or potentially disk mag-
netic record.lng applications. It Is concluded that the shleldlng 
efficiency depends partly on tlte flux transport In the magnetlc 
shields. It ls advantageous to use J:DHgnetic materials with a low 
conductivity or to cut a notch In the metalJic magnetic shields to 
prevent eddy currents. 
I. INTROD UCTION 
The magnetic recording process has to fulfiU high require-
ments as to its reliability. Magnetic-tape units used in com-
bination with digital electronic computers therefore contain 
multiple-head structures in which the information written on 
the tape by means of a magnetic recording head is read out im-
mediately afterwards by a magnetic reproducing head adjusted 
to the same track and placed closely behind the recording head. 
For information being recorded and verified continuously, this 
means that the read head and write head are in operation simul-
taneously[ I]. 1l1is will require work to suppress the so-called 
crossfeed field from the write head. 
Il . MODEL AND RESULTS 
A read-while-write tape head is shown in Fig. l. This is a 
typical thin-film head and the fabrication technique has been 
borrowed from the semiconductor industry for fabrication of 
integrated circuits. Different layers are deposited onto an in-
sulating substrate (silicon). The copper has been shaped into a 
multi-turn conductor and magnetic top and bottom cores are 
jointed at the center of this conductor and there is no back 
gap. The front gap for an inductive head is controlled by a 
thin insulating layer. A Magneto-Resistive (MR) reproducing 
element is inserted between two shields. All the dimensions 
are taken according to a new generation head TR5 produced 
by Read-Rite company. The cores are 3.0 J.lm thick, and the 
throat height is 5 J.lm. The write head gap is 1.20 J.lm. The an-
gle of the inclination of the top core near the zero-throat point 
. Corresponding author. Z.G. Wang, SECEE, Universi ty of Plyrnoutlt, Drake 
CtrCUs, Plymouth, Devon PIA 8AA, United Kingdom. FAX: tM-1752-
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Fig. I. A Read-While-WriU: head and the dispLay of3D finite -element mesh. 
Due to the symmetry, only half of the structure is shown here. 
is 45°. The tip widths of the top core, the bottom core and the 
two shields are 61 J.lffi, 100 J.lm and 140 J.lm, respectively. The 
lop core and the bottom core are 10 J.lm apart in the yoke re-
gion. Overall they are about 140 J.lm high and 140 J.lm wide. 
The head coils are assumed to be a single turn, and the applied 
magnetomotive force is 0.60 A-turns. This is approximately 
equivalent to a write current of 40 mA for a 15-turn coil. The 
MR stripe track width is 22.9 J.lm, the thickness 500 Aand the 
depth 2.5 J.lm. 
The ELEK1RA-3d Vector Fields Electromagnetics Analysis 
Package is used to compute electromagnetic fields including 
the effects of eddy currents, in three dimensions. The program 
incorporates state of the art algorithms for the calculation of 
electromagnetic fields and advanced finite clement numerical 
analysis procedures. The art algorithms is based on a combi-
nation of vector magnetic potentials, in conducting media, and 
scalar magnetic potentials, in the rest of space, to model time-
varying electromagnetic fields. Finite element discretization 
forms the basis of the methods used in these analysis programs . 
The display of the 30 finite element-mesh is also shown in 
Fig.l. 
Fig. 2. Eddy cwrenl distribution in the cooventional shield (the lop one neu 
the bouom con:) under a write field of 50 MHz. The materia.l of the shields is 
FeN. The finite-element mesh is also shown. 
In the RWW operation, the shields serve mainly to trans-
port part of tl1e flux from the write head back to the writing 
coil. At the high frequencies encountered in digital record-
ing, the conductivity of metallic magnetic materials repre-
sents an increased reluctance (above air) by eddy-<:urrents phe-
nomenon to the crossfeed fields. This causes the crossfeed 
fields to forcibly interfere witl1 the MR. element behind tl1e 
shield. In this regard, the transporting efficiency is consider-
ably improved when magnetic materials with a low conduc-
tivity are used. The shields with a low conductivity act more 
as alternative low-reluctance paths which divert the crossfeed 
fields away from the MR. element. Recently, Fe-Al-0 films 
with a nano-granular structure were successfully fabricated by 
RF magnetron sputtering[2]. These films exhibit good mag-
netic softness together with low electrical conductivity of 2.86 
x 10 4 S/m. Nevertheless, in order to allow the head to write to 
the high coercivity (1650 Oe) metal particle medium, the core 
material is still expected to be chosen as an excellent soft mag-
netic film FeN with a saturation magnetization of 2 .1 Tesla, 
an initial permeability of 3500 and a conductivity of 1 x 10 7 
S/m. Due to the high conductivity, the flux penetrating through 
the shield induces an in-plane eddy current (in Fig.2) that in 
turn produces a counteracting field to block the penetrating flux 
through the shield. A possible way, we propose here, to prevent 
this eddy currents is to cut a notch in these metallic magnetic 
shields. As shown in Fig.3, a notch with a depth of 35 IJffi and 
a width of 2 IJffi, ending at the nominal centcr of the coil, has 
been cut. Obviously, the eddy currents have been retarded and 
the strength of t11e eddy currents has been reduced to around 
half of that in the conventional case of Fig.2. 
The work to suppress the crossfeed field involves both a 
novel reproductive mode[J ], playing the key role in suppress-
ing the crossfeed, and a shielding scheme, giving further sup-
pression. TI1e ELEKTRA analysis confinns that the shielding 
Fig. 3 . Eddy cum:nl distribution in the improved lop shield (FeN) with a notch, 
ending at the nominal cenler of the coil, under a write field of 50 MHz.. 
efficiency depends partly on the flux transport in the magnetic 
shields. It is advantageous to use magnetic materials with a low 
conductivity or to cut a notch in the metallic magnetic shields 
to prevent eddy currents. 
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Appendices 
Software 
This appendix lists some of the relevant software written in support of the project. 
The codes are Borland C++ 5.0, MATLAB 4.2C.l and Turbo C 2.01, respectively, 
and the listings here do not (intentionally) use any platform specific or special lan-
guage features. 
A. I Crossfeed Calculation: Borland C++ 
/* > proj0008.cpp- -tocalculatecrossfeed *I 
/*Frank Z. \~Tang, 1996* I 
#include < math.h > 
#include < conio.h > 
#include < stdio.h > 
#include < f stream.h > 
#include < iomanip.h > 
double HO=l.O; 
double GAP=l.O; 
double PI=3.1415926; 
double x; 
double y=0.5; 
double z ; 
SOFTWARE 
double PHAI; 
double PHAl(void) 
{ 
return PI-atan(y/z); 
} 
double PHA2(void) 
{ 
return -atan(y /z); 
} 
double PHA(void) 
{ 
PHAI=PHA2(); 
if (z >0.0) 
PHAI=PHAl(); 
return PHAI; 
} 
double ROU(void) 
{ 
return sqrt(pow(y,2)+pow(z,2)); 
} 
double Xl(void) 
{ 
return (x+GAP /2.0)/ROU(); 
} 
11 
SOFTWARE 
double X2(void) 
{ 
return (x-GAP/2.0)/ROU(); 
} 
double U31(void) 
{ 
return log(Xl()+sqrt(pow(Xl (),2.0)+ 1.0) ); 
} 
double U32(void) 
{ 
return log(X2()+sqrt(pow(X2(),2.0)+1.0)); 
} 
double XY3(void) 
{ 
return (cosh(U31()/3)/cos(PHA()/3)); 
} 
double XY4(void) 
{ 
return (cosh(U32()/3)/cos(PHA()/3)); 
} 
double FY31(void) 
{ 
return -4 *cosh(U31 () /3) *cos(PHA() /3)+0.5*log( (XY3()+ 1) / (XY3()-1)); 
} 
double FY32(void) 
Ill 
SOFTWARE 
{ 
return -4 *cosh(U32() l3)*cos(PHA()I3)+0.5*log( (XY 4()+ 1) I (XY 4()-1) ); 
} 
double HY3(void) 
{ 
return (HOIGAP)*(FY31()-FY32()); 
} 
double XZ3(void) 
{ 
return (cosh(U31 ()l3)lsin(PHA()I3) ); 
} 
double XZ4(void) 
{ 
return ( cosh(U32() 13) lsin(PHA() 13)); 
} 
double FZ31(void) 
{ 
return -4 *cosh(U31 () l3)*sin(PHA() l3)+0.5*log( (XZ3()+ 1) I (XZ3()-1)); 
} 
double FZ32(void) 
{ 
return -4 *cosh(U32() l3)*sin(PHA() l3)+0.5*log( (XZ4() + 1) I (XZ4()-1) ); 
} 
double HZ3(void) 
{ 
IV 
' . 
return. (HO/GAP)*(F,Z31 ()-F·Z320);: 
} 
doubie.:FXJl(void) 
{ 
retum a tan (sinh(2!0*U3'1'(;)Y:3'.0)/sin(2.0*P.HA() j3:o )!); 
} 
do.tible FX32(void) 
{ 
return a:tan(sinh{2!0*U32{1)1{3:0) /sin (2.om:HA()/3:0)1); 
} 
double HX3(void) 
{ 
return (HO/GAP),*,WX31(1)cFX32()); 
} 
double U21:1(,void} 
{ 
retmn (x+G'AP/2.0)/y:; 
} 
doi)IJle l)22(void): 
{ 
return (xcG'A'P/2,0)/y; 
} 
double FX2l!(void} 
{ 
return atan~U21(~); 
V 
,, . 
' 
.I 
SOFTWARE 
} 
double FX22(void) 
{ 
return atan(U22()); 
} 
double HX2(void) 
{ 
return (HO/GAP)*(FX21()-FX22()); 
} 
double FY21 (void) 
{ 
return -0.5*log(pow(U21(),2)+1); 
} 
double FY22(void) 
{ 
return -0.5*log(pow(U22() ,2) + 1); 
} 
double HY2(void) 
{ 
return (HO/GAP)*(FY21()-FY22()); 
} 
double main(void) 
{ 
ofstream bookJileX3 (" DATAX3"); 
vi 
SOFTWARE 
for (z=-8.01;z< 8.0; z+ = 0.1) 
{ 
for (x=-5.0;x< 6.0; x+ = 0.1) 
bookJileX3 < < setw(13) < < z < < setw(20) < < x < < setw(25) < < H X3() < < 
endl; 
} 
ofstream book _file Y3 (" DATAY3"); 
for (z=-8.01;z< 8.0; z+ = 0.1) 
{ 
for (x=-5.0;x< 6.0; x+ = 0.1) 
bookJileY3 << setw(13) << z << setw(20) << x << setw(25) << HY3() << 
endl; 
} 
ofstream bookJileZ3 (" DATAZ3" ); 
for (z=-8.01;z< 8.0; z+ = 0.1) 
{ 
for (x=-5.0;x< 6.0; x+ = 0.1) 
bookJileZ3 << setw(13) << z << setw(20) << x << setw(25) << HZ3() << 
endl; 
} 
ofstream bookJileX2 ("DATAX2"); 
for (z=-8.01;z< 8.0; z+ = 0.1) 
{ 
for (x=-5.0;x< 6.0; x+ = 0.1) 
bookJileX2 << setw(13) << z << setw(20) << x << setw(25) << HX2() << 
endl; 
} 
vii 
SOFTWARE 
ofstream bookJile Y2 (" DATAY2"); 
for (z=-8.01;z< 8.0; z+ = 0.1) 
{ 
for (x=-5.0;x< 6.0; x+ = 0.1) 
bookJileY2 << setw(13) << z << setw(20) << x << setw(25) << HY2() << 
endl; 
} 
} 
A.2 Crossfeed Calculation and Plotting: MAT-
LAB 
/* > projM M4l.m- -tocalculateandplotcrossfeed * / 
/*Frank Z. Wang, 1996* / 
clear 
clg 
x=( -5.0:0.1 :+5.0); 
z=(-5.0:0.1:+5.0); 
load c:/BC5/BIN/practice/DATAY3; 
load c:/BC5/BIN/practice/DATAY2; 
***************** 
for i=1:1:17871; 
a(i)=DATAY3(i,3); 
end; 
***************** 
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for i=1:1:161; 
for j=l:l:lll; 
b(j,i)=a(lll *(i-l)+j); 
end; 
end; 
***************** 
for i=1:1:161; 
for j=l:l:lll; 
bR(j,i)=a(lll *(i*(-1)+161)+j); 
end; 
end; 
***************** 
for i=l:l:lO; 
for j=l:l:lll; 
bM(j,i)=a(j); 
end; 
end; 
for i=l1:1:161; 
for j=l:l:lll; 
bM(j,i)=a(lll *(i-lO)+j); 
end; 
end; 
***************** 
for i=1:1:90; 
for j=l:l:lll; 
bRM(j,i)=bR(j,(i+ 10) ); 
end; 
end; 
IX 
SOFTWARE 
for i=91:1:161; 
for j=l:l:lll; 
bRM(j,i)=bR(j,161); 
end; 
end; 
***************** 
for i=l:l:161; 
for j=l:l:lll; 
bMS(j,i)=bM(j,i)+bRM(j,i); 
end; 
end; 
***************** 
for i=l:l:l7871; 
a(i)=DATAY2(i,3); 
end; 
for i=l:l:161; 
for j=l:l:lll; 
bK(j,i)=a(lll *(i-l)+j); 
end; 
end; 
***************** 
for i=l:l:161; 
for j=l:l:lll; 
bb Y(j,i)=bMS(j,i)-bK(j ,i); 
end; 
end; 
***************** 
X 
SOFTWARE 
***************** 
***************** 
load c:/BC5/BIN/practicefDATAZ3; 
***************** 
for i=1:1:17871; 
a(i)=DATAZ3(i,3); 
end; 
***************** 
for i=l:l:161; 
for j=l:l:lll; 
b(j,i)=a(lll *(i-l)+j); 
end; 
end; 
***************** 
for i=l:l:161; 
for j=l:l:lll; 
bR(j,i)=a(lll *(i*(-1 )+ 161)+j); 
end; 
end; 
***************** 
for i=l:l:lO; 
for j=l:l:lll; 
bM(j,i)=a(j); 
end; 
end; 
for i=ll:l:l61; 
for j=l:l:lll; 
xi 
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bM(j,i)=a(lll *(i-lO)+j); 
end; 
end; 
***************** 
for i=l:l:90; 
for j=l:l:lll; 
bRM(j,i)=bR(j,(i+lO)); 
end; 
end; 
for i=91:1:161; 
for j=l:l:lll; 
bRM(j,i)=bR(j,l61); 
end; 
end; 
***************** 
for i=l:l:l61; 
for j=l:l:lll; 
bMS(j,i)=bM(j ,i)-bRM(j,i); 
end; 
end; 
***************** 
***************** 
for i=l:l:l61; 
for j=l:l:lll; 
bbZ(j ,i)=bMS(j ,i); 
end; 
end; 
***************** 
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for i=l:l:l61; 
for j=l:l:lll; 
bb(j ,i)=abs(bb Y(j,i) )+abs(bbZ(j,i) ); 
end; 
end; 
***************** 
for i=1:1:161; 
for j=l:l:IOI; 
bbDMR(j,i)=abs(bb(j,i)-bb( (j + 10) ,i)) /2.0; 
end; 
end; 
***************** 
***************** 
for i=l:1:30; 
for j=l:l:IOI; 
bbDMRMI(j,i)=bbDMR(j); 
end; 
end; 
for i=31:1:161; 
for j=l:l:IOI; 
bbDMRMI(j,i)=bbDMR(j,(i-30)); 
end; 
end; 
***************** 
for i=l:l:l31; 
for .i=l:l:IOI; 
bbDMRM2(j,i)=bbDMR(j,(i+30)); 
end; 
end; 
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for i=132:1:161; 
for j=l:l:lOl; 
bbDMRM2(j,i)=bbDMR(j,l61); 
end; 
end; 
***************** 
for i=1:1:161; 
for j=l:l:lOl; 
bbDMRS(j,i)=bbDMRMl(j,i)+bbDMRM2(j,i)+bbDMR(j,i); 
end; 
end; 
***************** 
***************** 
for i=l:l:lOl; 
for j=l:l:lOl; 
bbDMRSS(j,i)=(bbDMRS(j,(i+30))/5.04); 
end; 
end; 
***************** 
cc=reshape(bbDMRSS,l01,101); 
***************** 
mesh ( z,x,cc); 
view(135,30); 
OutStr=['point' ,10, 'dB'] 
XIV 
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A.3 Stage Control: Turbo C 
/* > movxyr.c- -tomovelinear X- Ytable *I 
/*Frank z. Wang, 1997* I 
*************************************************************************** 
#include < conio.h > 
#include < stdio.h > 
#include < bios.h > 
#include < dos.h > 
#define QUIT 'q' 
#define UP 'H' 
#define DOWN 'P' 
#define RJGHT 'M' 
#define LEFT 'K' 
#define STETUP '+' 
#define STEPDOWN '-' 
short velx, vely, lowx,lowy,highx,highy,go; 
char inchar; 
int stepsize,x,y; 
*************************************************************************** 
move() 
{ 
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lowx = x % 256; 
lowy = y % 256; 
highx = X I 255; 
highy = X I 255; 
printf("%d %d %d %d %d %d %d In" ,x,y,stepsize,highx,lowx,highy,lowy); 
bioscom ( 1, velx, 1); 
bioscom ( 1 ,lowx, 1); 
bioscom(1,highx,1 ); 
bioscom(1, vely,l); 
bioscom(l ,lowy,l ); 
bioscom(l,highy,l ); 
bioscom(l,go,l); 
} 
*************************************************************************** 
main() 
{ 
int countl ,count2,count3,count4,count5; 
int i=O,j=O,ii=O,jj=O; 
for ( countl=l;countl :::;4;countl ++) 
{ 
bioscom(0,243,1); 
go=255; stepsize=l; x=8000; y=lOOO; 
velx=17; 
vely=18; 
move(); 
for (count2=1;count2:::;300;count2++) 
{ 
xvi 
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i=i+1; 
for ( count3= 1 ;count3::;30000;count3+ +) 
j=j+l; 
} 
x=O; y=lOOO; 
move(); 
for ( count4=1 ;count4::;300;count4++) 
{ 
ii=ii+ 1; 
for ( count5= 1;count5::;30000;count5++) 
jj=jj+l; 
} 
/*while ((inchar=getche()) != QUIT)*/ 
} 
} 
*************************************************************************** 
A.4 Piezoelectric Ceramic Actuator Control: Turbo 
c 
/* > piezoele.c- -todrivemultilayerpiezoelectricceramicactuators * / 
/*Frank Z. Wang, 1997* / 
#include < conio.h > 
#include < stdio.h > 
#include < bios.h > 
XVII 
SOFTWARE 
#include < dos.h > 
#include < conio.h > 
*************************************************************************** 
int main(void) 
{ 
int countl, count2,count3,count4,count5; 
int i=O,j=O,ii=Ojj=O; 
int portcc = 435; 
int porta =432; 
int value =128; 
int valuea =0; 
int valueb =255; 
outport(portcc, value); 
for ( count1=1;countl:S::6;countl ++) 
{ 
out port (porta, val uea); 
for ( count2=1 ;count2:S::900;count2++) 
{ 
i=i+l; 
for ( count3=1;count3:S::900;count3++) 
j=j+1; 
} 
printf("Value %d sent to port number %d/n", valuea,porta); 
outport(porta, valueb); 
for ( count4 = 1 ;count4:S::900;count4++) 
{ 
ii=ii+ 1; 
for (count5=1;count5:S::900;count5++) 
jj=jj+1; 
xviii 
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!l' 
'fl 
J>rjntf("Vali.ie 1%d sent to port ·number %d/n1', valueb, :porta'); 
} 
} 
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